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Dear Sir: 

This Appeal Brief, filed in connection with the above captioned patent application, is 
responsive to the Final Office Action mailed on October 18, 2006. A Notice of Appeal was filed 
herein on March 19, 2007. A request for a two-month extension of time is requested herewith. 
Appellants hereby appeal to the Board of Patent Appeals and Interferences from the final 
rejection in this case. 

The following constitutes the Appellants' Brief on Appeal. 
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L REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the parent application, U.S. Patent Application Serial No. 09/941,992 recorded 
November 16, 2001, at Reel 012176 and Frame 0450. 

II. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to a polypeptide referred to 
herein as "PRO290". There exists no related patent applications directed to "PRO290" 
molecules. 

III. STATUS OF CLAIMS 

Claims 124-125 and 129-131 are in this application. 
Claims 1-123 and 126-128 have been canceled. 

Claims 124-125 and 129-131 stand rejected and Appellants appeal the rejection of these 

claims. 

A copy of the rejected claims in the present Appeal is provided in Section VIII. 

IV. STATUS OF AMENDMENTS 

A summary of the prosecution history for this case is as follows: 

Previously, in response to a Final Office Action mailed on October 19, 2005, a Notice of 
Appeal was filed on February 21, 2006 and an Appeal Brief was filed on April 17, 2006. An 
Examiner's Answer was mailed on May 31, 2006, and an RCE Response with additional 
references and affidavits supporting Appellants' arguments was filed on July 31, 2006. A Final 
Office Action was mailed on October 18, 2006, and a Notice of Appeal was filed March 19, 
2007. 

No claim amendments have been submitted after the last final rejection of October 18, 
2006. All claim amendments have been entered by the Examiner. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application is related to an isolated polypeptide 
comprising the amino acid sequence of the polypeptide of SEQ ID NO: 33, referred to in the 
present application as "PRO290". The PRO290 gene was shown for the first time in the present 
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application to be significantly amplified in human lung and colon cancers as compared to 
normal, non-cancerous human tissue controls (Example 170). This feature is specifically recited 
in Claim 124, and carried by all claims dependent from Claim 124. In addition, the invention 
also claims the amino acid sequence of the polypeptide of SEQ ED NO: 33, lacking its associated 
signal-peptide; or the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 209790 (Claims 124-126 and 
129). The invention is further directed to a chimeric polypeptide comprising one of the above 
polypeptides fused to a heterologous polypeptide (Claim 130), and to a chimeric polypeptide 
wherein the heterologous polypeptide is an epitope tag or an Fc region of an immunoglobulin 
(Claim 131). The preparation of chimeric PRO polypeptides (Claims 130 and 131), including 
those wherein the heterologous polypeptide is an epitope tag or an Fc region of an 
immunoglobulin, is set forth in the specification at page 374, lines 24 to page 375, line 9. 
Examples 140-143 and page 376, line 12 onwards describe the expression of PRO polypeptides 
in various host cells, including E. coli, mammalian cells, yeast and Baculovirus-infected insect t 
cells. 

The amino acid sequence of the native "PRO290" polypeptide and the nucleic acid 
sequence encoding this polypeptide (referred to in the present application as "DNA35680-1212") 
are shown in the present specification as SEQ ID NOs: 33 and 32, respectively, and in Figures 23 
and 22, described on pages 288, lines 33-36. The full-length PRO290 polypeptide having the 
amino acid sequence of SEQ ID NO: 33 is described in the specification at, for example, on page 
4 and pages 53-55, page 340 and the isolation of cDNA clones encoding PRO290 of SEQ ID 
NO: 33 is described in Example 12, page 410 of the specification. 

Finally, Example 170, in the specification at page 539, line 19, to page 555, line 5, sets 
forth a 'Gene Amplification assay' which shows that the PRO290 gene is amplified in the 
genome of certain human lung or colon cancers (see Table 9 A, page 550-551). The profiles of 
various primary colon tumors used for screening the PRO polypeptide compounds of the 
invention in the gene amplification assay are summarized on Table 8, page 546 of the 
specification. 
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VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

1 . Whether Claims 124-125 and 129-13 1 satisfy the utility requirement under 35 
U.S.C. §101. 

VII. ARGUMENTS 
Summary of the Arguments 
Issue 1: Utility 

As a preliminary matter, Appellants note that the Examiner refers to the microarray assay 
by citing references like Lian et al, Fessler et al, Chen et al etc. which use and analyze the 
microarray assay. On the other hand, Appellants rely upon the gene amplification data of the 
PRO290 gene for patentable utility of the PRO290 polypeptides in the present application, and 
would like to distinguish between the gene amplification and the microarray assay. The gene 
amplification assay measures the level at which a certain gene (i.e. DNA) is amplified in the 
genome, whereas the microarray assay measures the level of expression of a mRNA encoding for 
a certain polypeptide in a sample. Throughout prosecution, the Examiner fails to distinguish 
between these two techniques, but Appellants submit that the two assays, although similar, are 
not the same. Appellants would like to bring to the Examiner's attention a recent decision in a 
microarray case by the Board of Patent Appeals and Interferences (Decision on Appeal No. 
2006-1469). In its decision, the Board reversed the utility rejection, acknowledging that "there is 
a strong correlation between mRNA levels and protein expression, and the Examiner has not 
presented any evidence specific to the PR01866 polypeptide to refute that." (Page 9). 
Appellants submit that, in the instant application, the Examiner has likewise not presented any 
evidence specific to the PRO290 polypeptide to refute Appellant's assertion of a correlation 
between DNA levels, mRNA levels and protein expression. Appellants add that they analyze the 
microarray assay only in response to the Examiner's cited references. 

Appellants rely upon the gene amplification data of the PRO290 gene for patentable 

utility of the PRO290 polypeptides. This data is clearly disclosed in the instant specification in 

Example 170 which discloses that the gene encoding PRO290 showed significant amplification, 

ranging from 1.22-2.07 ACt units which corresponds to 2 1 22 -2 2 07 - fold amplification or 2.297 

to 4.2-fold amplification in five lung tumors and showed approximately 1 .16-1.56 ACt units 
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which corresponds to 2 1 16 -2 1 56 - fold amplification or 2.23 to 2.95-fold amplification in two 
colon tumors. Appellants have submitted, in their Response filed August 2, 2005, a Declaration 
by Dr. Audrey Goddard, which explains that a gene identified as being amplified at least 2-fold 
by the disclosed gene amplification assay in a tumor sample relative to a normal sample is useful 
as a marker for the diaenosis of cancer , and for monitoring cancer development and/or for 
measuring the efficacy of cancer therapy. Therefore, such a gene is useful as a marker for the 
diagnosis of lung or colon cancer , and for monitoring cancer development and/or for measuring 
the efficacy of cancer therapy. 

Appellants have also submitted, in their Responses filed August 20, 2004, August 2, 2005 
and July 31, 2006, ample evidence to show that, in general, if a gene is amplified in cancer, it is 
more likely than not that the encoded protein will be expressed at an elevated level. For 
instance, the articles by Orntoft et aL, Hyman et aL, and Pollack et aL collectively teach that in 
general gene amplification increases mRNA expression . Second, the Declarations of Dr. Paul 
Polakis: (Polakis I and II), shows that, in general there is a correlation between mRNA levels 
and polypeptide levels . Third, Appellants further submit that even if there were no correlation 
between gene amplification and increased mRNA/protein expression, (which Appellants 
expressly do not concede to), a polypeptide encoded by a gene that is amplified in cancer would 
still have a specific, substantial, and credible utility. Appellants submit that, as evidenced by the 
Ashkenazi Declaration and the teachings of Hanna and Mornin (both made of record in 
Appellants 1 Response filed August 20, 2004), simultaneous testing of gene amplification and 
gene product over-expression enables more accurate tumor classification , even if the gene- 
product, the protein, is not over-expressed. This leads \o better determination of a suitable 
therapy for the tumor, as demonstrated by a real-world example of the breast cancer marker 
HER-2/neu. 

The Examiner cites several references like Haynes et aL, Hu et aL, Chen et aL, Lian et 
aL, Fessler et aL, etc. and alleges a lack of correlation between mRNA and protein expression. 

Appellants submit that the teachings of the Examiner's cited references do not 
conclusively establish a prima facie case for lack of utility (as will be discussed in detail below). 
In particular, contrary to the Examiner's interpretation, the data of Haynes et aL (see Figure 1) 
and Chen et al. (see Tables I and II of the paper) suggest that a positive correlation does exist 
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between gene and protein expression. In addition, the teachings of Hu et al, Lian et al and 
Fessler et al do not show a lack of correlation between mRNA and protein expression for genes 
in general . In fact, these references clearly refer to various limitations in their studies and to 
conclusions that were drawn by excluding certain data points. Appellants respectfully submit 
that such conclusions cannot be used to validate the Examiner's conclusions regarding the 
correlation between gene and mRNA/ protein expression in general . Since the Examiner has not 
cited evidence that clearly addresses gene and mRNA/ protein expression in general a prima 
facie case for lack of utility has not been made. 

The Examiner further relies on the Hittelman and Sen references to show that the gene 
amplification results could be due to aneuploidy. 

Appellants submit that, even if the amplification of the PRO290 gene were due to 
aneuploidy (which Appellants expressly do not concede to), the art exemplified by the Hittelman 
et al reference still supports the Appellants' position since the PRO290 gene, would at least be 
useful as a marker for precancerous cells or damaged tissue that could later de velop into cancer. 
That is, the PRO290 gene is useful to diagnose individuals at risk for developing lung or colon 
cancer. 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip arrays in 2004. Clearly, the research community believes that the 
information obtained from these chips is useful (i.e., that it is more likely than not informative of 
the protein level). Therefore, as a general rule, one skilled in the art would find it more likely 
than not that PRO290 polypeptides are useful as a diagnostic tools for detecting lung or colon 
tumors. 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is generally a positive correlation 
between DNA, mRNA, and polypeptide levels, in general in the majority of amplified genes , as 
exemplified by the teachings of Orntoft et al, Hyman et al, Pollack et al, the Polakis (I and II) 
Declarations and the more than 100 supportive references submitted during prosecution (see 
Evidence List items 14-145), the art overwhelmingly shows that gene amplif ication influences 
gene expression at the mRNA and protein levels . This notion is further supported by the 
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widespread, art-accepted use of array chips for detecting diagnostic markers. Therefore, in 
general, one of skill in the art would reasonably expect, based on the amplification data for the 
PRO290 gene, that the PRO290 polypeptide is concomitantly overexpressed and has utility in the 
diagnosis of lung or colon cancer or for individuals at risk for developing lung or colon cancer. 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the claimed PRO290 polypeptides and would also understand how to make and use the 
recited polypeptides for the diagnosis of lung or colon cancer without any undue 
experimentation. 

These arguments are all discussed in further detail below under the appropriate headings. 
Response to Rejections 

ISSUE 1. Claims 124-125 and 129-131 are Supported by a Credible, Specific and 
Substantial Asserted Utility, and Thus Meet the Utility Requirement of 35 U.S.C. §101 

The sole basis for the Examiner's rejection of Claims 124-125 and 129-131 under this 
section is that the data presented in Example 170 of the present specification is allegedly 
insufficient under applicable legal standards to establish a patentable utility under 35 U.S.C. 
§101 for the presently claimed subject matter. 

Appellants strongly disagree and, therefore, respectfully traverse the rejection. 

A. The Legal Standard For Utility Under 35 U.S.C. §101 

According to 35 U.S.C. §101: 

Whoever invents or discovers any new and useful process, machine, manufacture, 
or composition of matter, or any new and useful improvement thereof, may obtain 
a patent therefor, subject to the conditions and requirements of this title. 
(Emphasis added). 

In interpreting the utility requirement, in Brenner v. Manson, 1 the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent Applicant disclose a "substantial utility" for his or 
her invention, i.e., a utility "where specific benefit exists in currently available form." The 

1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 
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Court concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 
commerce rather than the realm of philosophy." 

4 

Later, in Nelson v. Bowler, the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may 
not establish a specific therapeutic use. The Court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 

utility." 5 

In Cross v. Iizuka, 6 the C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with particular pharmacological activity are generally predictive of in vivo test results, 
Le. 9 there is a reasonable correlation there between." 7 The Court perceived, "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 

8 

practical utility." 

The case law has also clearly established that Appellants' statements of utility are usually 

9 

sufficient, unless such statement of utility is unbelievable on its face. The PTO has the initial 



3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 

7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 



9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 
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burden to prove that Appellants' claims of usefulness are not believable on their face. In 
general, an Appellant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 

11 12 

the art to question the objective truth of the statement of utility or its scope." ' 

Compliance with 35 U.S.C. §101 is a question of fact. 1 3 The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 

14 

totality of the evidence under consideration. Thus, to overcome the presumption of truth that 
an assertion of utility by the Appellant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the Appellant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 

("Utility Guidelines"), 15 which acknowledges that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility". Under the Utility Guidelines, a utility is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 



" In re hanger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In reJolles, 628 F.2d 1322, 206 U.S.P.Q. 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 974, 144 
U.S.P.Q. 351 (1965); In re Sichert, 566 F.2d 1 154, 1 159, 196 U.S.P.Q. 209, 212-13 (C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) cert, denied, 469 
US 835 (1984). 

U In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 
15 66 Fed. Reg. 1092 (2001). 

-9- 

On Appeal to the Board of Patent Appeals and Interferences 
, Appellants' Brief 

Application Serial No. 09/990,438 
Attorney's Docket No. 39780-2730 P1C3 



public" or similar formulations used in certain court decisions to mean that products or services 
based on the claimed invention must be "currently available" to the public in order to satisfy the 
utility requirement. "Rather, any reasonable use that an applicant has identified for the invention 
that can be viewed as providing a public benefit should be accepted as sufficient, at least with 
regard to defining a 'substantial 5 utility." 16 Indeed, the Guidelines for Examination of 
Applications for Compliance With. the Utility Requirement, 17 gives the following instruction to 
patent examiners: "If the Applicant has asserted that the claimed invention is useful for any 
particular practical purpose . . . and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

Appellants submit that the evidentiary standard to be used throughout ex parte 
examination of a patent application is a preponderance of the totality of the evidence under 
consideration. Thus, to overcome the presumption of truth that an assertion of utility by the 
Appellant enjoys, the Examiner must establish that it is more likely than not that one of ordinary 
skill in the art would doubt the truth of the statement of utility. Only after the Examiner has 
made a proper prima facie showing of lack of utility, does the burden of rebuttal shift to the 
Appellant. 

Appellants respectfully submit that the data presented in Example 170 starting on 
page 539 of the specification and the cumulative evidence of record, which underlies the current 
dispute, indeed support a "specific, substantial and credible" asserted utility for the presently 
claimed invention. 

Patentable utility for the PRO290 polypeptides is based upon the gene amplification data 
for the gene encoding the PRO290 polypeptide. Example 170 describes the results obtained 
using a very well-known and routinely employed polymerase chain reaction (PCR)-based assay, 
the TaqMan™ PCR assay, also referred to herein as the gene amplification assay. This assay 
allows one to quantitatively measure the level of gene amplification in a given sample, say, a 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 11(B)(1). 
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tumor extract, or a cell line. It was well known in the art at the time the invention was made that 

gene amplification is an essential mechanism for oncogene activation. Appellants isolated 

genomic DNA from a variety of primary cancers and cancer cell lines that are listed in Table 9 

(pages 539 onwards of the specification), including primary colon cancers of the type and stage 

indicated in Table 8 (page 546). The tumor samples were tested in triplicates with Taqman™ 

primers and with internal controls, beta-actin and GADPH, in order to quantitatively compare 

DNA leyels between samples (page 548, lines 33-34). As a negative control DNA was isolated 

from the cells often normal healthy individuals, which was pooled and used as a control (page 

539, lines 27-29) and also no-template controls (page 548, lines 33-34). The results of 

TaqMan™ PGR are reported in ACt units, as explained in the passage on page 539, lines 37-39. 

One unit corresponds to one PCR cycle or approximately a 2-fold amplification, relative to 

control, two units correspond to 4-fold, 3 units to 8-fold amplification and so on. Using this 

PCR-based assay, Appellants showed that the gene encoding for PRO290 was amplified, that is, 

it showed approximately 1 .22-2.07 ACt units which corresponds to 2 1 22 -2 2 07 - fold amplification 

or 2.297 fold to 4.2-fold amplification in five lung tumors and showed approximately 1.16-1.56 

ACt units which corresponds to 2 1 16 -2 1 56 - fold amplification or 2.23 fold to 2.95-fold 

amplification in two colon tumors. 

Appellants submitted a Declaration by Dr. Audrey Goddard, which provided a statement - 

by an expert in the relevant art that "fold amplification" values of at least 2-fold are considered 

significant in the TaqMan™ PCR gene amplification assay. Appellants particularly draw the 

Board's attention to page 3 of the Goddard Declaration which clearly states that: 

It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy number 
in the tumor sample relative to the normal sample serves as a basis for using 
relative gene copy number as quantitated by the TaqMan PCR technique as a 
diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. Accordingly, a gene identified as being amplified at least 2- 
fold by the quantitative TaqMan PCR assay in a tumor sample relative to a normal 
sample is useful as a marker for the diagnosis of cancer, for monitoring cancer 
development and/or for measuring the efficacy of cancer therapy. 
(Emphasis added). 
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Accordingly, the 2.297 fold to 4.2-fold amplification, in five lung tumors and 2,23 fold 
to 2.95-fold amplification in two colon tumors, would be considered significant and credible by 
one skilled in the art based upon the facts disclosed in the Goddard Declaration. 

Further, as discussed in detail below, Appellants have provided ample evidence in the 
form of articles from the art, like Orntoft et al, Hyman et al, Pollack et al, and over a 100 
references (see Evidence List items 14-145) and Declarations by experts in the field of oncology 
and gene expression, i.e. : the Declarations by Dr. Paul Polakis (I and II) and by Dr. Avi 
Ashkenazi , to show that, in general, if a gene is amplified in cancer, it is "more likely than not" 
that the encoded protein will also be expressed at an elevated level. 

C. A prima facie case of lack of utility has not been established 

As discussed above, the increase in DNA copy number for the PRO290 gene is 
significant. Further, the evidentiary standard to be used throughout ex parte examination of a 
patent application is a preponderance of the totality of the evidence under consideration. Thus, 
to overcome the presumption of truth that an assertion of utility that the Applicants enjoy, the 
Examiner must establish that it is more likely than not that one of ordinary skill in the art would 
doubt the truth of the statement of utility. 

Accordingly, it is not a legal requirement to establish a necessary correlation between an 
increase in the copy number of the DNA and protein expression levels that would correlate to the 
disease state or that it is imperative to find evidence that DNA amplification is " necessarily " or 
"always" associated with overexpression of the gene product. Applicants respectfully submit 
that when the proper evidentiary standard is applied, a correlation must be acknowledged. Only 
after the Examiner has made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the Applicants. 

Previously, the Examiner has indicated based on references Pennica et al, Konopka et al 
and Haynes et al. to show that gene amplification data cannot reliably predict protein levels. 
Appellants have argued the references in great detail throughout prosecution, and these 
arguments are incorporated by reference herein for brevity. Appellants summarize the rejections 
and the arguments submitted below. 

The teachings of Pennica et al are specific to WISP genes, a specific class of closely 
related molecules. Pennica et al showed that there was good correlation between DNA and 
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mRNA expression levels for the WISP- J gene, but not for WISP-2 and WISPS genes. WISPs 1- 
3 have no structural relationship to the PRO290 polypeptides of the present application. The 
apparent finding that for two out of three specific molecules, that are related to each other but 
have no relationship to PRO290, there was no correlation between gene amplification and the 
level of mRNA/protein expression does not establish, in general, that it is more likely than not 
that such correlation does not exist and has no bearing whatsoever on determining the question, 
whether such correlation is likely to exist between PRO290 gene amplification and 
mRNA/protein expression levels. As discussed above, the standard is not absolute certainty . 
Pennica et al has no teaching whatsoever about the correlation of gene amplification and protein 
expression for genes in general or PRO290 or related molecules in particular. 

Similarly, in Konopka et al, the Examiner has generalized a very specific result disclosed 
by Konopka et al to cover all genes. Konopka et al actually state that "[p]rotein expression is 
not related to amplification of the abl gene but to variation in the level of bcr-ab\ mRNA 
produced from a single Ph 1 template." (See Konopka et al ., Abstract, emphasis added). The 
paper does not teach anything whatsoever about the correlation of protein expression and gene 
amplification in general , and provides no basis for the generalization that apparently underlies 
the present rejection. The statement of Konopka et al that "[pjrotein expression is not related to 
amplification of the abl gene ..." is not sufficient to establish a prima facie case of lack of 
utility. Therefore, the combined teachings of Pennica et al and Konopka et al are not directed 
towards genes in general, but to a single gene or genes within a single family and thus, their 
teachings cannot support a general conclusion regarding correlation between gene amplification 
and mRNA or protein levels. In addition, the abl gene has no structural relationship to the 
PRO290 gene of the present application and thus Konopka et al provides no information of 
specific relevance to the question whether for PRO290 there is a reasonable expectation that 
correlation between gene amplification and mRNA/protein expression levels is likely to exist. 

The Examiner also cited Haynes et al to show that transcript levels and protein levels do 
not correlate. However, Appellants had shown that Haynes themselves admit that " there was a 
general trend, although no strong correlation between protein [expression] and transcript levels" 
(see Figure 1 and page 1863, paragraph 2.1, last line). Therefore, when the proper legal standard 
is used, Haynes clearly supports the Appellants' position that in general, a positive correlation 
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exists between mRNA and protein expression levels . Since accurate prediction is not the 
standard , a prima facie case of lack of utility has not been met based on the cited references 
Pennica et aL, Konopka et al and Haynes et al Appellants respectfully submit that, contrary to 
the Examiner's assertion, none of the cited reference conclusively establish a prima facie case 
for lack of utility for the PRO290 molecule. 

Appellants have already discussed references Hu et aL, et aL, Chen et aL, Lian et aL, 
Fessler et aL, in great detail in their previous responses (at least see Appeal brief filed April 17, 
2006), and these arguments are hereby incorporated by reference for brevity. 

Briefly, the analytical methods utilized by Hu et aL have certain statistical drawbacks, as 
the authors themselves admit, and Hu et al.'s conclusions only apply to a specific type of breast 
tumor (estrogen receptor (ER)-positive breast tumor) and cannot be generalized to breast cancer 
genes in general, let alone to cancer genes in general. 

Regarding Lian et aL, Appellants respectfully submit that Lian et aL only teach that 
protein expression may not correlate mRNA level in differentiating myeloid cells, and not about 
genes in general . In fact, the authors themselves admit that there were a number of problems 
with their data . For instance, at page 520 of this article, the authors explicitly express their 
concerns regarding the methods they utilized and the interpretation of their data stating that 
" [f|hese data must be considered with several caveats: membrane and other hydrophobic proteins 
and very basic proteins are not well displayed by the standard 2DE approach, and proteins 
presented at low level will be missed. In addition, to simplify MS analysis, we used a Coomassie 
dve stain rather than silver to visualize proteins, and this decreased the sensitivity of detection of 
minor proteins. " (Emphasis added). Besides, Lian et aL y s conclusions are based on the 
Coomassie dye staining method, which is not a very sensitive method of measuring protein. 

Similarly, in Fessler et aL, examined lipopoysaccharide-activated neutrophilia, in 
response to LPS stimulation. Fessler et aL also used the Coomassie Blue dye staining method, 
and concede that it is known to have a limited protein binding range and a non-linear curve for 
protein detection. Protein identification in their study was also done using two-dimensional 
PAGE, which is, by their own admission, limited only to well-resolved regio ns of the gel and 
therefore, may have performed less well with hydrophobic and high molecular w eight proteins 
(see page 31301, col. 1). 
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In addition, Chen et al also concede that there are problems with 2D gel protein 
detection and therefore, cannot accurately predict protein levels . For instance, Chen et al says 
that, "(i)t is apparent that without prior enrichment only a relatively small and highly selected 
population of long-lived, highly expressed proteins is observed. There are many more proteins in 
a given cell which are not visualized by such methods. Frequently it is the low abundance 
proteins that execute key regulatory functions " (page 1870, col. 1, emphasis added). Thus, Chen 
et al, concede that by selecting proteins visualized by 2D gels, they are likely to have excluded 
in their analysis many key regulatory proteins which could be candidate cancer markers. 

Further, the microarray analysis provided by Chen et al in fact support the Appellants 
general proposition that, even if protein levels cannot be accurately predicted (which is not 
required by the utility standard), in the majority of the proteins studied, it is most likely than not 
that an increase in gene amplification or mRNA levels generally correlates well with increased 
protein levels. In Table 1, which lists 66 genes [the paper incorrectly states there are 69 genes 
listed] for which only one protein isoform is expressed, Chen et al show that 40 genes out of 66 
had a positive correlation between mRNA expression and protein expression , which clearly 
meets the standard for "more likely than not". Similarly, in Table II , 22 genes out of 30 [again 
the paper incorrectly states there are 29] and at least one isoform showed a positive correlation 
between mRNA expression and protein expression. Furthermore, 12 genes out of 29 showed a 
strong positive correlation [as determined by the authors] for at least one isoform. Therefore, the 
authors of the Chen paper clearly agreed that microarrays provided a reliable measure of the 
expression levels of the gene and could be used to identify genes whose overexpression is 
associated with tumors. 
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In summary, Hu et al, Lian et al Chen et al t and Fessler et al do not conclusively teach 
that, in general, protein levels cannot be accurately predicted from mRNA/ gene amplification 
levels. These authors concede that either due to insensitive protein detection methods or due 
their methodologies utilized in their protocols, some protein species may have been 
underrepresented over others. Therefore, the teachings of these references cannot be relied upon 
to establish a prima facie showing of lack of utility. On the other hand, as noted even in Haynes 
et al and Chen et al, most genes showed a positive correlation between increased gene 
amplification, mRNA and translated protein. 

Sen et al. and Hittelman 

Appellants submit that even if the observed gene amplification for PRO290 were due to 
aneuploidy (which Appellants do not concede to), since aneuploidy itself is associated with early 
detection of cancer, the PRO290 gene would still be useful as a biomarker. This view is in fact 
supported by the teachings of Sen and Hittelman. Appellants agree that while aneuploidy can be 
a feature of damaged tissue, besides cancerous or pre-cancerous tissue, and may not invariably 
lead to cancer, Sen et al support the Appellants' position. In other words, Sen supports the 
notion that aneuploidy may be used as a feature to identify either cancerous or pre-cancerous 
tissue or damaged tissue. For example, Sen et al discloses in the abstract, "lines of evidence 
now make a compelling case for aneuploidy being a discrete chromosome mutation event that 
contributes to malignant transformation and progression process " (emphasis added; see page 82, 
line 4). Sen adds on page 83, "in colorectal tumors, chromosome aneuploidy is a common 
occurrence"; and further on page 84, line 5, "(i)n clinical settings, DNA ploidy measurements 
have revealed that DNA aneuploidy indicates high risk of developing severe premalignant 
changes in patients with ulcerative colitis, who are known to have an increased risk of 
developing colorectal cancer" and also on page 84, line 29 "in addition to being implicated in 
tumorigenesis and correlated with distinct tumor phenotypes, chromosome aneuploidy has been 
used as a marker of risk assessment and prognosis in several other cancers (emphasis added)." 
Sen indicates throughout the article, several instances where aneuploidy is associated with many 
cancers, including, renal tumors, colorectal tumors, esophageal adenocarcinomas, papillary 
thyroid carcinomas, human breast cancer, cervical intraepithelial neoplasia, myeloid leukemia, 
etc. Therefore, in fact, according to Sen, even if the amplification observed for PRO290 were 

-16- 

On Appeal to the Board of Patent Appeals and Interferences 

Appellants' Brief 
Application Serial No. 09/990,438 
Attorney's Docket No. 39780-2730 P1C3 



due to aneuploidy (which Appellants do not concede to), the PRO290 gene can at least be a 
marker for cancerous or pre-cancerous tissue or damaged tissue. 

Regarding Hittelman, who studied premalignant lung lesions, the reference suggests that 
epithelial tumors develop through a multistep process driven by genetic instability (see Hittelman 
abstract). Hittelman showed that the same subset of molecular changes found in associated 
tumor were also found in premalignant lesions, suggesting that these premalignant lesions might 
represent precursor lesions for associated tumors. In other words, Hittelman suggests that cancer 
is a manifestation of a multistep tumorigenesis process (see Hittelman, page 4, last three lines). 
Therefore, contrary to the Examiner's interpretation, the Hittelman reference strongly supports 
the Appellants position in that the cited art makes clear that there is utility in identifying genetic 
biomarkers in epithelial tissues at cancer risk . For example, Hittelman clearly says that "it is 
important to identify individuals at significantly increased cancer risk who might best benefit 
from different types of intervention" (see page 2, fourth paragraph, line 3 and also the abstract, 
line 4-7 of Hittelman). Therefore, even if Appellants were to show that the observed PRO290 
gene amplification were due to chromosomal aneuploidy (which Appellants do not concede to), 
identification of such a genetic biomarkers is a very important and useful step, according to 
Hittelman, in identifying individuals at significantly increased cancer risk. In fact, one skilled in 
the art would find it entirely reasonable from Hittelman that early detection of lung cancer would 
provide vital, advance information regarding risk assessment, prognosis and therapy for lung 
cancer. Accordingly, the PRO290 polynucleotides and the polypeptides that they encode, find 
utility at least as a diagnostic marker for individuals at risk of developing lung cancer, for the 
reasons discussed above. 

Thus, a prima facie case for lack of utility has not been made based on the Sen or 
Hittelman references . 

The Examiner asserts that, of the references cited by Appellants in their IDS filed July 
31, 2006, "only Orntoft et al and Godbout et al are pertinent." 

Appellants respectfully submit that, as discussed in the RCE response of July 31, 2006, 
there are several other references; for instance, Bea et al. who investigated gene amplification, 
mRNA expression, and protein expression of the putative oncogene BMI-1 in human lymphoma 
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samples, and support Appellants' assertion that gene amplification is correlated with both 
increased mRNA and protein expression. 

Godbout et al. (Item 46 of Evidence List) 

Regarding the Godbout reference, the Examiner alleges that the instant specification does 
not teach structure/ function analysis; the Examiner says that she finds no reason to suspect if 
PRO290 can confer selective advantage to a cell; the Examiner questions whether the level of 
genomic amplification of DDX1 gene is comparable to that of PRO290 (page 5 of Final Office 
Action of October 1 8, 2006). 

Appellants respectfully submit that it was never claimed that PRO290 is similar in any 
way to the DDX1 gene of Godbout et al, they never claimed PRO290 was an RNA helicase or 
that it confers selective advantage to cell survival; on the other hand, the Godbout reference was 
submitted to show good correlation between protein levels based upon genomic DNA 
amplification, which the Examiner clearly agrees with. Moreover, selective advantage to cell 
survival is not the only mechanism by which genes impact cancer. Structure/function data, 
which the Examiner requests, is not a requirement for the utility requirement. Hence this 
rejection is improper. 

Li et al. 

The Examiner cites new reference Li et al as teaching that "68.8% of the genes showing 
over-representation in the genome did not show elevated transcript levels." (Final Office Action 
of October 18,2006). 

Appellants respectfully point out that Li et al acknowledge that their results differed 

from those obtained by Hyman et al and Pollack et al (of record), who found a substantially 

higher level of correlation between gene amplification and increased gene expression. The 

authors note that "[t]his discordance may reflect methodologic differences between studies or 

biological differences between breast cancer and lung adenocarcinoma" (page 2629, col. 1). For 

instance, as explained in the Supplemental Information accompanying the Li article, genes were 

considered to be amplified if they had a copy number ratio of at least 1.40 . In the case of 

PRO290, as discussed in previously filed responses and in the Goddard Declaration (of record), 

an appropriate threshold for considering gene amplification to be significant is a copy number of 

at least 2.0 (which is a higher threshold). The PRO290 gene showed significant amplification of 
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2,297 fold to 4.2-fold amplification in five lung tumors and 2.23 fotd to 2.95-fold 
amplification in two colon tumors, and thus fully meets this standard. It is not surprising that, in 
the Li et al reference, by using a lower threshold of 1 .4 for considering gene amplification, a 
higher number of genes not showing corresponding increases in mRNA expression were found. 
Nevertheless, the results of Li et al do not conclusively disprove that a gene with a substantially 
higher level of gene amplification, such as PRO290 , would be expected to show a corresponding 
increase in transcript expression. 

Therefore, the Patent Office has failed to meet its initial burden of proof that Appellants' 
claims of utility are not substantial or credible. The arguments presented by the Examiner based 
on references Pennica et al, Konopka et al, Haynes et al, Hu et al, Chen et al, Li an et al, 
Fessler et al or Li et al, do not provide sufficient reasons to doubt the statements by Appellants 
that PRO290 has utility as a diagnostic marker for lung or colon cancer. Appellants once again 
remind the Examiner that only after the Examiner has made a proper prima facie, showing of lack 
of utility, does the burden of rebuttal shift to the Appellant. Based on the above discussions, such 
a showing has not been made. Accordingly, the instant rejection should be withdrawn for the 
Examiner's lack of establishment of a prima facie showing. 

Moreover, Appellants acknowledge that, in certain instances, DNA/ mRNA and protein 
levels do not correlate. In fact, Appellants have included several such references directed 
towards a single gene or genes that lack a correlation in their IDS filed July 31, 2006. The 
references discussed in the Preliminary Amendment filed July 31, 2006, and the arguments 
therein are hereby incorporated by reference for brevity. The IDS included references that 
studied single genes or gene families, multiple or large families of genes, and included studies 
that a wide variety of techniques, including gene amplification and microarray. Regardless of 
the techniques employed, by and large, increased genes/ transcripts levels mostly correlated with 
increased protein levels, even if accurate predictions of proteins could not be made . As 
discussed throughout prosecution, the law does not require the existence of a "necessary" 
correlation between DNA/mRNA and protein levels, or that protein levels be "accurately 
predicted". In fact, authors in several of the cited references (cited both, by the Examiner, and 
by Appellants) themselves acknowledge that there is a general correlation between protein 
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expression and transcript levels and DNA levels, which meets the "more likely than not 
standard". 

In summary, Appellants maintain that even though there are certain instances where a 
correlation, between DNA/mRNA and protein levels do not exist; in most cases , there is 
generally good correlation between them, and this was collectively demonstrated in the more 
than 100 references submitted by the Appellants in the IDS filed July 31, 2006. 

D. The Gene Amplification Data Establishes Credible, Substantial and Specific 
Patentable Utility for the PRO290 Polypeptide 

On the other hand, as discussed throughout prosecution, Appellants submit that Example 
170 of the specification further discloses that, "(a)mplification is associated with overexpression 
of the gene product, indicating that the polypeptides are useful targets for therapeutic 
intervention in certain cancers such as lung, colon, breast and other cancers and diagnostic 
determination of the presence of those cancers" (Emphasis added). Appellants have also 
submitted ample evidence to show that, in general, if a gene is amplified in cancer, it is "more 
likely than not" that the encoded protein will also be expressed at an elevated level. 

Besides the reference, the Declaration by Dr. Paul Polakis (Polakis I - made of record in 
Appellants 1 Response filed August 20, 2004), principal investigator of the Tumor Antigen 
Project of Genentech, Inc., the assignee of the present application, explains that in the course of 
Dr. Polakis 1 research using microarray analysis, he and his co-workers identified approximately 
200 gene transcripts that are present in human tumor cells at significantly higher levels than in 
corresponding normal human cells. Appellants submit that Dr. Polakis' Declaration was 
presented to support the position that there is a correlation between mRNA levels and 
polypeptide levels. The second Declaration by Dr. Polakis (Polakis II) presented evidentiary 
data in Exhibit B. Exhibit B of the Declaration identified 28 gene transcripts out of 31 gene 
transcripts (i.e., greater than 90%) that showed good correlation between tumor mRNA and 
tumor protein levels. As Dr. Polakis' Declaration (Polakis II) says "[a]s such, in the cases where 
we have been able to quantitatively measure both (i) mRNA and (ii) protein levels in both (i) 
tumor tissue and (ii) normal tissue, we have observed that in the vast majority of cases, there is a 
very strong correlation between increases in mRNA expression and increases in the level of 
protein encoded by that mRNA." Accordingly, Dr. Polakis has provided the facts to enable the 
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Examiner to draw independent conclusions regarding protein data. Appellants further emphasize 
that the opinions expressed in the Polakis Declaration, including in the above quoted statement, 
are all based on factual findings. For instance, antibodies binding to about 30 of these tumor 
antigens were prepared and mRNA and protein levels were compared. In approximately 80% of 
the cases , the researchers found that increases in the level of a particular mRNA correlated with 
changes in the level of protein expressed from that mRNA when human tumor cells are 
compared with their corresponding normal cells . Therefore, Dr. Polakis' research, which is 
referenced in his Declaration, shows that, in general, there is a correlation between increased 
mRNA and polypeptide levels . Hence, one of skill in the art would reasonably expect that, based 
on the gene amplification data of the PRO290 gene, the PRO290 polypeptide is concomitantly 
overexpressed in lung or colon tumors studied as well. 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip® arrays in 2004. Clearly, the research community believe that the 
information obtained from these chips is useful (i.e., that it is more likely than not that the results 
are informative of protein levels). 

Thus, based on the asserted utility for PRO290 in the diagnosis of lung or colon tumors, 
the reduction to practice of the instantly claimed protein sequence of SEQ ID NO: 33 in the 
present application, the disclosure of the step-by-step protocols for making chimeric PRO 
polypeptides, including those wherein the heterologous polypeptide is an epitope tag or an Fc 
region of an immunoglobulin in the specification (at page 374, lines 24 to page 375, line 9), the 
disclosure of a step-by-step protocol for making and expressing PRO290 in appropriate host cells 
(in Examples 140-143 and page 376, line 12), and the disclosure of the gene amplification assay 
in Example 170, the skilled artisan would know exactly how to make and use the claimed 
polypeptide and its antibodies for the diagnosis of lung or colon cancers. Appellants submit that 
based on the detailed information presented in the specification and the advanced state of the art 
in oncology, the skilled artisan would have found such testing routine and not 'undue.' 

Therefore, Appellants respectfully request reconsideration and reversal of the outstanding 
rejections under 35 U.S.C. §101 to Claims 124-125 and 129-131. 
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CONCLUSION 



For the reasons given above, Appellants submit that present specification clearly 
describes, details and provides a patentable utility for the claimed invention. As such, 
Appellants respectfully request reconsideration and reversal of the outstanding rejection of 
Claims 124-125 and 129-131. 

The Commissioner is authorized to charge any fees which may be required, including 
extension fees, or credit any overpayment to Deposit Account No. 08-1641 (referencing 
Attorney's Docket No. 39780-2730 P1C3) . 



HELLER EHRMAN LLP 

275 Middlefield Road 
Memo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 



Respectfully submitted, 



Date: July 19, 2007 
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VIII. 



CLAIMS APPENDIX 

Claims on Appeal 



124. An isolated polypeptide comprising: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO:33; 

(b) the amino acid sequence of the polypeptide encoded by the full-length coding sequence 
of the cDNA deposited under ATCC accession number 209790. 

125. The isolated polypeptide of Claim 124 comprising the amino acid sequence of the 
polypeptide of SEQ ID NO:33. 

129. The isolated polypeptide of Claim 124 comprising the amino acid sequence of the 
polypeptide encoded by the full-length coding sequence of the cDNA deposited under ATCC 
accession number 209790. 

130. A chimeric polypeptide comprising a polypeptide according to Claim 124 fused to a 
heterologous polypeptide. 

131. The chimeric polypeptide of Claim 130, wherein said heterologous polypeptide is an 
epitope tag or an Fc region of an immunoglobulin. 
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Items 2-3 and 5-7, 103 were submitted with Appellants' Response filed August 20, 2004, and 
were considered by the Examiner as indicated in the Final Office Action mailed October 19, 
2005. 

Item 4 was submitted with Appellants' Response filed July 31, 2006, and was considered by the 
Examiner as indicated in the Final Office Action mailed October 18, 2006. 

Item 1 (E), i.e.: Pennica et al, and Item 9 were made of record by the Examiner in the Office 
Action mailed April 20, 2004. 

Items 8 and 10 was made of record by the Examiner in the Final Office Action mailed November 
9, 2004. 

Items 11-13, Items 1 (C) and 1 (D), i.e.: references Livak et al and Heid et al, and 146-147 were 
made of record by the Examiner in the Final Office Action mailed October 19, 2005. 

Items 14-145 were submitted with Appellants' Response filed July 31, 2006, and were 
considered by the Examiner as indicated in the Final Office Action mailed October 18, 2006. 
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X. RELATED PROCEEDINGS APPENDIX 

None - no decision rendered by a Court or the Board in any related proceedings identified 

above. 
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Group Art Unit: 1647 



Serial No.: 09/903,925 



Examiner: Fozia Hamid 
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POLYPEPTIDES AND NUCLEIC 
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DECLARATION OF AUDREY D. GODPARD, Ph.D UNDER 37 C.F.R. $ 1.132 

Assistant Commissioner of Patents 
Washington, D.C. 20231 



1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 2001, 1 headed the DNA Sequencing Laboratory at the Molecular 

Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 



Sir: 



-1- 



Serial No,: * 
Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al % Biotechnology 10:413-417 (1992) (Exhibit B); Livak et aL, PCR 
Methods AppL 4:357-362 (1995) (Exhibit C> and Heid et aL, Genome Res. 6:986-994 (1996) . 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay, is exemplified by the following scientific publications: Pennica et aL, Proc. 
Natl. Acad. Sci. USA . 95(25): 147 17- 14722 (1998) (Exhibit E); Pitti et aL, Nature 
396(6712);699-703 (1998) (Exhibit F) and Bieche et aL, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 



-2- 



Serial No.: * 
Filed:* 

7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. • 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 

Date Audrey D. Goddard, Ph.D. 
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AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA f 94080 
650.225.6429 



110 Congo St 

San Francisco, CA t 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



goddarda@gene.com 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech f s clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 



• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 11 Subteam 



• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998-2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 



diagnostics 



Interests: 
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1993-1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89 -12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocyte leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 1989-1992 

Medical Research Council Studentship 1983-1988 

NSERC Undergraduate Summer Research Award 1983 

Society of Chemical Industry Merit Award (Hons. Biochem.) 1983 

Dr. Harry Lyman Hooker Scholarship 1981-1983 

J.LW. Gill Scholarship 1981-1982 
Business and Professional Women's Club Scholarship . 1980-1981 

Wyerhauser Foundation Scholarship 1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel, genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
. Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature; Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myi, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16,2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 
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Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D t Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL t Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S\, Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2 : 4 and IL-22R. Journal of Biological Chemistry 275: 
.31335-31339. 

Weiss GA, Watana.be CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10 ? a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM t Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumorcell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl t Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1 998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated . in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. ScL USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficienUroute to human bispecific IgG. Nature Biotechnology 16(7): 677-681 . 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement: 
requires the addition of ethidium bromide 
(EtBr) to a PGR- Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (<U) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 



lthough the potential benefits of PGR 1 toeKo- 
kal d&gnotfKs arc well fcaown** 5 , it fc *M not 
widely used in this setting, even though it is 
four year* £inoo thcrmortAbl* DMA po*y™ier* 

mfl<lcFCRpracti<»LSoTtieaf the rfeasbns for iu $low. 
acceptance are high cost, tack of automation of pre-* and 
post-PCR processing steps, and false positive results from 
carryovcr^ntamJnation. The first two points arc related 
in that labor is the largest contributor to cost ait the present 
stage of PCR development* Most Current assays require 
sonic form of "downstream" processing once tfeermocy- 
ding h done in order in determine whether the target 
DNA sequence was present and has amplified, These 
include DNA hybridization** gel eiet^nophor^ts with or 
without use of restriction digestk>n^;HPLCr, or capillary 
electrophoresis 10 . These methods ire labor-intense, have 
tow throughput, and arc difficult to automate. The third 
point is abo ctedy related to downstream processing. 
The handling of the PGR product in these downstream 
processes increases the chances that anxp£Bed DNA . wilt 
spread through die typing lab, resulting in • a risk of 



carryover" false positives in subsequent testing 1 \ 
These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place sunultancoasty within an unopened re- 
action vessel Assays in whkh such different processes take 
>lace without the need to separate reaction components 
aavc been termed '^mogeneous"*. No truly hbmogc-. 
neous PCR assay has been dcinottstrated to date, although 
progress towards this end has been reported* Chehab, et 
al lf , developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product AHdc-specific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers tnust still be 
removed in a do wnstream process in order to visualize the 
result Recently, Holland, et al, w , d^^ped an assay in 
wruch the endogenous 5 r exooudease assay of Ta$ DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only dcave if PCR aropSfi* 
cation had produced its complementary sequence. In 
order to detect the dcavage product?, however, a subse- 
quent process w "again needed. . r _ i 
We have developed a truly homogeneous assay for PGR 
and PCR product detection based upon the greatly in- 
creased fluorescence that ethidium btoinide and other 
DNA binding dyes exhibit when they are bound to.ds- 
DNA l *- lfl . As oudinetl in Figure f, a prototypk PCR 
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1 Principle of simultaneous amp&fkanoa and- detection of 

PCR product; The compOacnUof a FvR<COtartnn^ EtBr dial arc 
6uoreseent are listed— £tBr itself; EtBr beuad to other ssDNA or 
dsDN A There Is a large unorescetux cphanrr merit when EtBr Is 
bound to 0NA and hmdnig is greatly enhanced when DNA js 
douhlc-strandctL After suwdent (n). cydcs of PGR, the net 
increase in d^NA residts in addhiooal EtBr binding, and * net 
incxcjwe in total -Auoxesccmc: 



PAGE 2/6 8 RCVD AT 7/19/2004 3:10:03 PM fPacrfic Daylight Time] * SVR:SVCS01/0 ^ DNIS:6638 ^ CS!D:650 952 9331 * DURATION (mm-ss):0446 



JUL- 19-2004 13:50 FROM:GENEN 



■hi r 



0 1/1$ 1/8 1/4-1/2 1 



GAL 650 952 '9881 




1 expected 
product 

<fimer 



FWIlkt 1 Gel electrophoresis of PCR amplificatxozi products of the 
human, tnKfcar gene, HLA DQft, made in the presence of 
incrc&siag amounts of ElBr (up to 8 fig/ml). The presence of 
ElBr has bo obvious effect on the yield or specificity of amplift- . 

CRUOO. 
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% (A) Ftoorcscenec measurements, from PCRs that contain 
0.5 jJtg/m! ElBr and that are specific for Y^hrotmwomc repeat 
*equence*. Five replicate PCRs^erebejniii con taining each of the 
DNA* specified. At each indicated cycle, one of the five repbeate 
PCKs for each DNA "Was removed from thcrmocydmg and to 
fluorescence measured, Unit* of fluorescence Are arbitrary. (B) 
UV photography of PCR tubes (0,5 ml EppcndW^tylc, pofyprO* 
pykne m»cro~cehtri£uRc *ubca) <x>fH»mmg reactions, those start* 
tag from 2 ng male DNA and control reactions without any DNA, 
from (A). 



begins with primers that are single-stranded DNA (ss* 
DNA), dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from stogie-cell amount* of DNA 17 to 
micrograms per FCR* 8 , If EtBr is present* the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr n»d£, and EtBr bound to the singk-fitranclcd 
DNA primers and to the double-stranded target DNA (by 
its mtercalauon between the stacked bases of the DNA 
dooblc^hchx). After the first denatu ration cycle, target 
DNA wul be largely $ingk-stranded. After a PGR is 
completed, the most significant change is the increase in 
toe amount of dsDNA (the PCR product itself) of up to 
several mkrogT^ms. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase m fluores- 
cence* There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to s&DNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is smalL The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even continuously during, thermocy- 
chng. 

RESULTS 

PCR in the presence of Ettir. fa order to' assess the 
affect of EtBr to PGR, amplifications of the human Hl.A 
DQa gene** were performed with the dye present at 
concentrations from 0,06 to 8.0 tLgftvl (a typical concen- 
tration of EtBr used in staining of nucleic aads following 
get electrophoresis is 0*5 pg/mf). As shown in Figure 2, gel 
electrophoresis revealed hale or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR, 

Detection of human Y-dm>mo*wn« specific 90 
«pences- Sequence^pecific, fluorescence enhancement of 
EtBr as a result of PCR was demons trated in a series of 
amplifications containing 0.5 ugfrnj EtBr and primer* 
specific to repeat DMA sequences found on the hutoatt 
Y-chromosomc**- These FCRs initially contained either 
60 ng male, 60 ng female, 2 ng raak human or no DNA. 
Five replicate PCRs were begun for each DNA* After 
17, 21, 24 and 29 cycles of therniocyding, a PCR for each 
DNA was removed from the thermocyder, and its fluo- 
rescence measured in a spectrofiuorometer and plotted 
vs. amplification cycle number (Fig, 3A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, .the increase in DNA is 
becoming linear and not exponential with cycle number; 
As shown, the fluorescence increased about, three-fold 
over the background fluorescence for die PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained cither no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus S ng— the fewer 
cycle* were needed to give a detectable increase in fluo- 
rescence. Gel decurophuresis 00 the products of these 
amplifications showed that DNA fragments of the ex- 
pected skc were made in the male DNA containing 
reactions and that Utile DN A synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs 00 a UV 
tran^himinatoT and photographing them through a red 
filter. This is shown in figure 3B for the reactions thai 
began with 2 ng male DNA and those with no DNA. 

Detection of spcesfie allele* of the human fl-globio 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic s<xeeriing» a dttcoioq 
of the' sickle-cell anemia mutation was performed* Figure 
4 shows the fluorescence from completed axapfification* 
contouring EtBr (0-5 Kgteu) as detected by photography 
of the reaction tubes on a UV transulunrinatoT, These 
reactions were performed .using primer* specific f° r &~ 
thcr the w3d-tvpe or sickle-cell mutation of the human 
P-globin geac*\ The specificity for each aBcIc is imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
axiriealing temperature, primer extension— and thus am- 
pUhcation-<an take place only if the &' nucleotide of the 
primer is compjbncntary to the p^bbm aUclc ptxtcvf*- 

Each pair of a^plmcauons shown in Figure 4 consists of 
a reaction with cither the wild-type allele specific (left 
tube) or skkk-aUde specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wiW-typc fr-globin mdrvidual (A A); from a heterozygous 
sickle P^gfobin individual (AS); and from a homozygous 
sickle p-gW?iq indrvidual (SS). Each DNA (50 ng genoxnK 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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0 f reactions each). The DMA .type Kas reflected in the : 
f^attve fluOtescettce intensities in each pair of competed 
ffm pjt£catk>n£. There was a significant increase in fluores- 
ce* only where a p-globin aflele DNA matched the 
primer set. Whco measured* on a spcctrofltiororaetcr 
Ifotii not shown), this fluorescence was about three times 
fax present in, a PGR where both p-dobin alleles were 
jpbioatched to the primer set. Gel cicarophorestt (oot 
phown) established that this increase in fluorescence was 
^ to the synthesis of nearly a microgram of a DNA 
figment of the expected size for fJ-giobin. There was 
ptdc synthesis of dsDNA in reactions in. which the aikte- 
jpedne primer was mismatched to both alleles. 

Co«rimioas mowtoroig of a PCR. Usiag a fiber optic 
devtcerH is possible to direct excitation illumination from 
? qpectrofluorometer to a PGR undergoing thermocyding 
and to return its fluorescence to the Rpectroftuoromcter. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-concaining amplification of Y<hromo- 
jofloe specific sequences from 25 r»g of rnirtwti male DNA, 
is shown in Figure 5. The readout from a control fCR 
whit no target DNA is also shown. Thirty cycles of PGR 
were monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence inten- 
sity riser and. fails inversely with temperature The fluo- 
rescence intensity is minimum at the denaturadon tem- 
perature (<M°C) and maximum at the anneaUng/exlcnsioh 
temperature (SOX). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tharmocycte, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is litde if any Meaching of EtBr during 
Che continuous illumination of the sample. 

In the PGR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
tacreajce at about 4000 seconds" of thcTroocyding, and 
continue to increase whh time, indicating that dsDNA is 
being produced at a detectable leveL Note that the fluo- 
rescence minima at the denaiurauoa temperature do not 
significantly increase, presumably because at this temper- 
ature there is no dsDN A for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluorcs-. 
cenee increase at the annealing temperature. Analysis of 
the products of these two amplifications by gei electropho- 
resis showed a DNA fragment of the eXpeUcd size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization toase- 
quenee-&pecifLc probe can enhance the specificity of DMA 

doeuuvu Vr> PGR. The cHimDotion of iheitc pr0CC39C3. 

means that - the specificity of this homogeneous assay 
depends solely on that of PCtL In the case of sickle-cell 
disease, wc have shown that PGR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is little non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells*, Cwnared with genetic 
Krcening, which is performed on ceils containing at least 
one copy of the target soqucrtce, HIV [detection requires 
both more specificity and the input of more toral 
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4 UV photography of PCR tubes containing ai 
using EtBr thtt are specific to viWUtypc (A) or fickle (S) alleles' of 
the human £-globin gene. The left of e^piiw of tubes contains 
aBele-tpccific primers to the wild-type afieks. the right tube 
primers to the skWe atWe. The olograph was tafceh after 50 
cycles of FCR.and the input DNAs and the alkies they contato 
are indicated. Fifty »g of DNA was used to be em PGR- Typtnjj 
was done in trioleate (3 pair* oTPCR*) for each input DNA. 



25 C 



20ng of male DNA 



25*C 




no DNA control 




2000 



8000 



4000 6000 
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Rftl&fS Continuous, real-time monitoring of a PCR. A fix* optic 
was used to carry excitation light tn a *XSR m progress and abo 
emHted light back to a Atioromctcr (see Exoenmcntal J^ocol), 
Anmlificaaoa'Uslashatiian audo-DNA specific primers in a PCR 



Amplification i»iog to urn; 

Starting with 20 itg of human male DNA (too)* OT in * coutrol 
PCR without PNA (doIiam). were nionhorrd. Thirtjr cydes of 
tCR were followed for each. The temperature Cycled between 
94X (deiuituradcm) and 50PC (annealing and extension). Note in 
the male DNA PCR,. the cycle (time) depend* increase in 
fluorescence at the anneaE^extensKin temperature. 
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DNA— up to micro^raro amounts—in order to have suf- i 
ficicnt nvunbcre of target sequences. This large amount of 
starting DNA m an amplification si^iuXantly increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication, that occurs with targets m low 
copy-number H the formation of the "primer-dimer" 
artifact. This b the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PGR amplification* and can compete with 
true PGR targets if those targets are rare The primer- 
dimcr product is of course d$DNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase FCR specificity and reduce the effect of 
primer-dimcr antpiifcattoa. we are investigating a nam* 
ber of approaches, including the use of nested-primer 
amplification* that take place in a sbigic tube 8 , and the 
*liot-start*\ in which nonspecific aiaphncaHon U reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 2 *. Preliminary results using these ap- 
proaches suggest that prwoncr-duncT is effectively reduced 
and it its possible to detect the increase in EtBr fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10 5 celts. With larger number* of ccfl.% the 
background fluorescence contributed by genomic DNA 
becomes problematic To. reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made toprcferenually bind PGR product over 
gcoomfc DNA by incorporating the dye-binding DNA 
sequence into the FCR product through a 5' "add-on" to 
the oligonudcotide primer 1 *. 

We have shown that the detection of fluorescence 
generated by an £tBr<ontaining FCR is straightforward, 
both once PGR is completed and continuously during 
uSermocycfing. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is alrcadvpossiblc with existing instru- 
mentation in 96-well forraar*. In this format; the fluores- 
cence in each PGR can be cjuantitated before, after, and 
even at selected points during therraocycuttg by moving 
die tack of PCRs to a 96-mierowcH plate fluorescence 
reader* 0 , , 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct cTctcnsion of the apparatus used here is to have 
multiple nberoprics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 5 shows that 
the larger the amount of starting target DNA, the sooner 
during PCR a fluorescence increase is detected* rYeJuni- 
nary experiment* <Higuchi and Dolfinger, manuscript in 
preparation) with continuous raonhoring havc shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — a* it can be in genetic scre^nmg^rcontinuotis 
monitoring may provide a means of detecting false posi- 
tive and false negative results. With a known number of 
target molecuks, a true positive would exhibit detectable 
fluorescence by a prcd&ctablc number of cydes of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts* False negative 
results due to, for example* . inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefEdeody amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
i cles — many more* than are necessary to detect a true 
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positive- If a sampJc fails to hare a fluorescence increase 
after this many cycks, inhfciuori may be suspected. Since, 
tn this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event* before any test based On this 
principle is ready for the clinic, ah assessment of its false 
posiuve/false negative rates will need to be obtained using 
a large number of known samples- 

In summary, the inclusion m PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect spcci&c DNA ampuficanon from outside 
[he PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCS. 
in applications that demand the high throughput of 
samples- 

EXPERIMENTAL PROTOCOL 

Hainan HLA-DOk gene ^pltfkauW containing Etfti. 
PCRs were set up inlOO pX volumes containing 10 raM Tns-HCK 
pH 8.3; 50 mM KC1; 4 mM MgCfe « unit* of Taj DNA 
pofyiucrasc (PerVm.£}mcr Ccma, Norwalk, CT); 20 wriole each 
of human HtA-DQa ' gene specific ol^onudcOOOC jprtmcra 
(>H26 and GH27 19 and approjaraately !<T copies of DQa PCR 
product diluted from a pfcYiou* feacoon. Ethkhum bromide 
(Elan SigtwA) was used at the conceattafions indicated id Figure 
2. Thcrmocyding proceeded for 20 cvd« in a model 480 
uWmocydcr (Perkin-ElnlCT Ccea*, Norwalk, CT) usinjra Vtep- 
cycte" program of 94*C for 1 tarn. -dcoaturauofi and 60v» fo** w 
sec annealing and WC for 30 sec. extension, 

Y^romomnc specific PCR. PCRs (100 ul total reaction 
volume) containing 03 EtBr were prepared as described 

for HLA-DQot, except with dhTercnt primers and target DNAs. 
These PCRs contained 1 5 prnotc each male DNA-»pccufc pnwen 
YI. 1 and V and either 60 ng male, 00 octet**!*, 2 ng male, 
or no human DNA. Thermocytlmg was 94*CTpr 1 rain, and bVC 
for 1 min using a "step-cycle* program. The number of cycks For 
a sample were as indicated in figure 3. fluorescence measure- 
ment is described below. % 

Allck-epccific, human p-glofrui jewt PCR* Amplincauons of 
100 pi volume' using 0-5 Hfi/ml of &Br were prepared a* 
described for H LA -DQa above except with different primers and 
target DNAfi. These PCfts couwined either. PS^ A (S^HOn/ 
H614A <wBd-type globin specbv: prunces) or HGT2/H{tt4S (»£*- 
4c-globin speofic primers) at 10 pmole «5»ch ^pruncr per FCR, 
These primers were developed by Wu ct aL 21 . Three different 
Utgei DNA<t Were tucd u> separate ampUficauona— 50 ng eacb of 
human DNA that was homozygous for the ifcWc trait (SS)» DNA 
that was hcteroryrous for the StcKk trak {A$X or DNA thai ^ 
hom<WrgOU5 for the W.C elobin (AA). Thcrmocycnng .WW ffir » 
cydes at for 1 min. and 55*C for 1 nun- USU>| a "stcp<ytk 
program. An annealing temperature of 55*^ h*& shown try 
Wu et al 21 to provide allde^pccffic ^toue^^ptod 
PCRs were photographed through a red ftocr W^™^*) 
after placing the reacfion tubes PP amodelTM^6 transIHumi- 
nator (UV-products San- Gabriel, CA)l 

FhAOresecneetneasiireiiietit^^^ nica^uieraents were 

rnad> on PCRs containing EtBr in * nuorolog-2 fi^mctcr 
(SPEX, Edison. NJ). Excitation was at the 500 wu i band wah 
ahour 2 ntn bandwidth with a GG 435 nm cm^ (Mclles 
Crist. Inc. Irvine. CA) to cxdude «xondw>rder hgfat Zronwd 
yrfit waft detected at 570 om with a bandvndth of about 7 nm. An 
CK3 530 pm cut-off filter was used to remove the exotauon hpiu 

ContiuttOUA ftnofttaceaee atonitormg of FCR, Cor^wous 
monitoring oT a PCR in progress was accomplished uwng 
BpectrofiuSrometcr and setdnga described above as well as a 
fiWpoc accessory (SHEX cat no. 1950) to both send cxotation 
ftght to. and receive emitted light from, a PCR pbDed m awcUoJ 
a model 430 mcnxvocyclcr (Peri'm-Elmer Cetu*). The probe end 
of the fiberoptic cable was attached with "5 mroute^cpox}' to Ufc 
open top of a PCR tube (a 0^ ml priroropytene ccntrif^e tvioe 

liicldcd 



with its 'cap removed) effectively scaling il The . 
the PCR tube anil the end of the fiberopUC caWc were f 
from room light and the room lights were kept dmimcd durnul 
each run. The moniiored PCR was an amplHtcauon of V-<*^; 
mosornc-epedrk repeat scsoctxres as describe «bov€. except 
usiofffln anncabndcxtension anrperaujre of'SfTU The reaCUtm 
was covered ^idt ™i*er*l oil (2 drops) to prevent evaporaaon- 
Therrocicycfing- and fluorescence rocasuranent wrc suiieO"- 
multancously, A tinie-basc acatt with a 10 second mtegrafaoo tnnc 
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tea* u«sd and chc embssod sjgnal was ratiocd to tbr excitation 
Mgttal to control for change* m Ji£ht-*ourcc intensity. Oatawcr* 
collect^ using the dra5000f, version 15 (SPEX) data system. 
AclttKH^coVmaits 

We ihank Bob Jonca for help with the sp^ctrafluormctric 
nKt^uremeiXU and HcadierhdJ Fony for editing this manuscript. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CO-14 molecule is expressed on the surface of 
iTionocytas and some macrophages. Membrane- 
bound CO-14 is.a. receptor for Itpopolysaccharide 
(LPS) complexed to LPS-Binding^rotein (LBPJ. The 
concemrailon of Its soluble form is altered under 
certain pathological conditions. There is evidence for 
an important note of sCO-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and b therefore of value in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 
soluble CD-14 in human serum, -plasma, ceil-ctfture 
supernatants and other biological fluids. 
Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoctonaJ antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/mi 
detection limit: 1 ng/ml 
CVrintra- and interassay < 8% 

for more information call or fax. 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 



Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Giusti, and Karin Deetz 

Perkin-EImer, Applied Biosystems Division, Foster City, California 94404 



The 5' nuclease PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 

•quencher dye attached. An Increase 
fn reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the S' ~>3' nucle- 
olytlc activity of Taq DHA polymerase. 
In this study, probes with the 
quencher dye attached to an Internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 -end nucleotide. In ail 
cases, the reporter dye was attached 
to the 5' end. All intact probes 
showed quenching of the reporter 
fluorescence. In general probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Taq DHA polymerase 
when the probe is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 -end nucleotide also exhibited 
an increase in reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
^^Mres attached at opposite ends can 
^Hfe used as homogeneous hybridiza- 
tion probes* 



iA homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al. (l) 
The assay exploits the 5'->3' muc- 
olytic activity of Taq DNA poly. 
merase (2 ' 3) and is diagramed in Figure l. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye # such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET)/ 4 ' 5 ' During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -> 3' nudeolytic 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. <6) Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is hot required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when doubie-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 

MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfIuorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethyirhodamine succinimidyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3'-blocking phosphate, 
were obtained from Perkin-EImer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-iabeled phos- 
phoramidite at the 5' end, LAN replacing 
one of the Ts in the sequence, and Phos- 
phalink at the 3' end. Following de- 
protection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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FIGURE 1 Diagram of S' nuclease assay. Stepwise representation of the 5' - 3' 

«w!y o£ Ta q DNA polymerase acting on a fluorogenic probe during one extension phase of POL 



mM Na-bicarbonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore C 8 220x4.6- 
mm column with 7-p.m particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the LAN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
5' end. 

PCR Systems 

All PCR amplifications were performed 
in the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-u.l reactions that con- 
tained 10 mM Tris-HCl (pH 8.3), SO mM 
KC1, 200 ym dATP, 200 dCTP, 200 \lm 
dGTP, 400 pM dUTP, 0.5 unit of AmpEr- 
ase uracil N-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human p-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakalima-li|ima et al.) (7) was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuii et al. (8) Actin am- 
plification reactions contained 4 mM 
MgCI 2 , 20 ng of human genomic DNA, 
50 nM Al or A3 probe, and 300 nM each 



TABLE 1 Sequences of Oligonucleotides 



Name 



Type 



primer. The thermal regimen was 50°C 
(2 min), 95°C (10 min), 40 cycles of 95°C 
(20 see), 60°C (1 min), and hold at 72°C. 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCl 2 , 1 ng of plasmid DNA, 50 nM P2 or 
P5 probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95°C (20 sec), 57°C (I min), and 
hold at 72°C 



Flu ore see nee Detection 

For each amplification reaction, a 40-u,l 
aliquot of a sample was transferred to an 
individual well of a white, 96-weil micro- 
liter plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a SIS-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
Q value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the raw emission data. 
First, emission intensity of a buffer blank 
Is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



Sequence 



ACCCACAGGAACTGATCACCACTC 
ATGTCGCGTTCCGGCTGACGTTCTGC 
TCGCATTACl'GATCGTrGCCAACCAGTp 
CTACTGGTTGGCAACGATCAGTAATGCGATG 
CGGAMTTGCTGGTATCTATGACAAGGATjp 
TrCATCCTTGTCATAGATACCAGCAAATCCG 

TCACCCACACTGTGCCCATCTACGA 
CAGCGGAACCGC1X2ATTGCCAATGG 
ATGCXX2TCCCCCATGCCATCCTGCGTp 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCrGGACTTCGAGGAAGAGATp 
CCATCTCTTGCTCGAAGTCCA GGGCGAC 

For each oligonucleotide used in this study, the nucleic add sequence is ^^^f^J 
? Jy direction. There are three types of oligonucleotides: PCR primer, fluorogenic P^JJ 
in the 5' nuclease assay, and complement used to hybridize to the corresponding probe. For x 
P^^Sm\^ indicates a posiUon where LAN with TAMRA attached was subset 
tuted for a T. (p) The presence of a 3' phosphate on each probe. 



F119 

R119 

P2 

P2C 

P5 

P5C 

AFP 

ARP 

Al 

A1C 

A3 

A3C 



primer 
primer 
probe 

complement 
probe 

complement 
primer 
primer 
probe 

complement 
probe 

complement 
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Al -2 RaQgccctcccccatgccatcctgcgtp 

A1 -7 RATGCCCQCCCCCATGCCATCCTGCGTp 

A1 -1 4 RATGCCCTCCCCCAQGCCATCCTGCGTp 

A1 -1 9 RatgccctcccccatgccaQcctgcgtp 

Al -22 RATGCCCTCCCCCATGCCATCCQGOGTp 

A1-26 RATGCCCTCCCCCATGCCATCCTGCGQp 



Probe 


518 nm 


582 nm 


RQ- 


RQ+ 


ARQ 




no temp. 


•f-temp. 


no temp. 


+ temp. 








A1-2 


25.5 ±2.1 


32.7 ±1.9 


38.2 + 3.0 


38.2 ±2.0 


0.67 ±0.01 


0.86 ±0.06 


0.19 ±0.06 


A1-7 


S3.5 + 4.3 


395.1 ±21.4 


108.5 ±6.3 


11 0.3 ±5.3 


0.49 ±0.03 


3.58 ±0.17 


3.09 ±0.18 


A1-14 


127.0 ±4.9 


403.5+19.1 


109.7 ±5.3 


93.1 ±6,3 


1.16 ±0.02 


4.34 ±0.15 


3.18±0.15 


A1-19 


187.5± 17.9 


422.7 ±7.7 


70.3 ±7.4 


73.0 ±2.8 


2.67 ±0.05 


5.80±0.15 


3.13 + 0.16 


A1-22 


224.6 ±9.4 


482.2 ±43.6 


100.0 ±4.0 


96.219.6 


2.25 ±0.03 


5.02±0.11 


2.77±0.12 


A 1-26 


160.2 ±8.9 


454.1 + 18.4 


93.1 ±5.4 


90.7 ±3.2 


1.72 ±0.02 


5.01 ±0.08 


3.29 ±0.08 



FIGURE 2 Results of 5' nuclease assay comparing p-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PCR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values are the average ±1 s.D. for six reactions run without added template (no temp.) 
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ + values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
eaction tube. This normalizes for well- 
:o-weil variations in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ") from the RQ value for the com- 
plete reaction including template 
(RQ + ). 



RESULTS 

A series of probes with increasing dis-. 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human p-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded In PCR that amplified a segment 
of the p-actin gene containing the target 
sequence. Performance In the 5' nu- 
clease PCR assay Is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ" values indi- 
cate that probes AM4, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ" values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo* 
nucleotide can quench efficiently the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide 



518 nm 



582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ- 


RQ + 


ARQ 


A3-6 
A3-24 


54.6 ± 3.2 
72.1 ± 2.9 


84.8 ± 3.7 
236,5 ± 11. i 


116.2 ± 6.4 
84.2 ± 4.0 


115.6 ± 2.5 
90.2 ± 3.8 


0.47 ± 0.02 
0.86 ± 0.02 


0.73 ± 0.03 
2.62 ± 0.05 


0.26 ± 0.04 
1.76 ± 0.05 


P2-7 
|2-27 


82.8 ± 4.4 
113.4 ±6.6 


384.0 ± 34.1 
555.4 ± 14.1 


105.1 ± 6,4 
140.7 ± 8.5 


120.4 ± 10.2 
118.7 ± 4.8 


0.79 * 0.02 
0.81 ± 0.01 


3.19 ± 0.16 
4.68 ± 0.10 


2.40 ±0.16 
3.88 ± 0.10 


J5-10 

P5-28 


77.5 ± 6.5 
64.0 ± S.2 


244,4 ± 15.9 
333.6 + 12.1 


86.7 a 4.3 
100,6 ± 6.1 


95.8 ± 6.7 
94.7 ± 6.3 


0.89 ± 0.05 
0.63 ± 0.02 


2.55 s 0.06 
3.53 =t 0.12 


1.66 ± 0.08 
2.89 ± 0.13 



Reactions containing the indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 * effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 * concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
0 mM Mg 2 * is only slightly higher than 
RQ at 10 mM Mg 2 *. For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg 2 * are very high r indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg 2 + followed by 
a gradual decline as the Mg 2 ^ concen- 
tration increases to 10 mM. Probe Al-14 
shows an intermediate RQ value at 0 mM 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with no Mg 2+ present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2+ ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg 2 ** - effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamlne dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



518 nm 



582 nm 



RQ 



Probe 


ss 


d$ 


ss 


ds 


ss 


ds 


Al-7 


27.75 


68.53 


61.08 


138^8 


0.45 


0.50 


Al-26 


43.31 ■' 


509.38 


53.50 


93.86 


0.81 


5.43 


A3-6 


16.75 


62.88 


39.33 


165.57 


0.43 


0.38 


A3-24 


30.05 


578.64 


67.72 


140.25 


0.45 


3.21 


P2-7 


35.02 


70.13 


54.63 


121.09 


0.64 


0.58 


P2-27 


39.89 


320.47 


65.10 


61.13 


0.61 


5.25 


P5-10 


27.34 


144.85 


61.95 


165.54 


0.44 


0.87 


P5-28 


33.65 


462.29 


72.39 


104.61 


0.46 


4.43 



(ss) Single-stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 
concentration of 50 nM indicated probe, 10 mM Tris-HCl (pH 8.3), 50 mM KCI, and 10 mM MgCi 2 . 
(ds) Double-stranded. The solutions contained, in addition, 100 nM A1C for probes Al-7 and 
Al-26, 100 nM A3C for probes A3-6 and A3-24, 100 nM P2C for probes P2-7 and P2-27, or 100 nM 
P5C for probes P5-10 and P5-28. Before the addition of MgCl 2 . 120 ul of each sample was heated 
at 9S°C for 5 min. Following the addition of 80 >U of 25 mM MgCi 2 , each sample was allowed to 
cool to room temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but f rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 nm. If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5 f nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5' nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ" , which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ" include 
the particular reporter and quencher 
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mM Mg 

FIGURE 3 Effect of Mg 2+ concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 518 and 582 nm was measured for solutions containing 50 nM probe, 10 rim 
Trls-HCI {pH 8.3), 50 mM KC1, and varying amounts (0-10 mM) of MgCl 2 . The calculated RQ 
ratios (518 nm intensity divided by 582 run intensity) are plotted vs. MgCl 2 concentration (mM 
Mg). The key (upper right) shows. the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
^^^>ther factors that reduce flexibility of 
^^^he oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T mt presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe. (l) 

The rise in RQ~ values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 

•of an internal position. In effect, a 
luencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ" values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ~ than the In- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ" 
value. For the P5 probes, the RQ~ for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though ail probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3 ' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay, in this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the S' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2 a C-3°C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs. (9) This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al. (l> demonstrated that allele-specific 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes, Hie ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al. <10) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two Imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR arhplifi- 
. cation. 
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We have developed a novel "real time" quantitative PCR method. The method measure* PCR product 
accumulation through a duaMaheled fluotogenlc probe (Lc„ TaqMan Prot*). This method provides very 
accurate And reproducible quantitation of gene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require posi-PCR saniple handling, preventing potential PCR product carryover contamination and 
resulting: In much faster and higher throughput assays. The real-tlmo PCR method has a very large dynamic 
range of starting target molecule determination (at least five orders of magnitude). Real-time quantitative 
PCR b extremely accurate and less-labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis lias 
had .in important role in many fields of biologi- 
cal research. Measurement of gent expression 
(RNA) has been used extensively In monitoring 
biological responses to various stimuli Clan et al. 
1991; Huang et al. 1995a,b; Prud'homme et al. 
1995). Quantitative gene analysis (DNA) has 
iH-on used to determine the genuine* quantity of a 
particular gene, as in the case ot the human IIER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon u al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency vims 
(illV) burden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak et at, jvv;sn; 
J-urtado et at. 1995). 

Many methods have heen described for the 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern iy/6; Sharp et 
al. 19K0; Thomas 1980). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (RT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made. ]>os- 
sibic many experiments that could not hove, been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 
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that It be uacd properly for quantitation (R»«y« 
maekers 1995). Many early reports of quantita- 
tive. PCR and RT-PCR described quantitation of 
the PCR product but did not measure the initial 
target sequence quantity. H is essential to design 
proix-r controls for the quantitation of the initial 
target sequences (Perrc 1992; Clcmenti el al. 
100?) 

Researchers have developed several methods 
of quantitative PCR and RT-PCR, One approach 
measures I'CR product quantity in the log phase 
of the reaction before, the plateau (Kellogg et al. 
1990; Pang ct al, 1990). This method requires 
that each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with identical efficiency up to the point 
of quantitative analysis. A gene sequence (enn- 
tained in all samples at relatively constant quan- 
tities, such as p-aclln) can be used for sample, 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for l>olh the taTgel gene and the 
normalization gene). Another method, quantita- 
tive competitive (QQ -ftCR, has l>cen developed 
and ts used widely for PCR quantitation, QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Beckcr-Andrc 1991; 
Platak ct al. 1993*,1>); The efficiency of each re- 
action Is normalised to the. Internal competitor. 
a tm own amount of Internal competitor £an be 
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added to each sample. To obtain restive nuanU 
ration, the unknown target PGR product is com- 
pared with the known 'competitor iK'lU product. 
.Success of a quantitative compel Hive I'GK assay 
relies on developing an Internal control thai am- 
jilifu-rs with the same efficiency as the Uugel mol- 
ecule. The design of The coinpetltox mid the vali- 
dation of amplification cfficienv:ie!> icquirc a 
dedicated effort. However, because QC-l'CK does 
not require that PCM pioducts be analyxrd during 
the log phase of the amplification, it is the easier 
uf the two methods to use. 

Several detection xyvtciu* wie used for quan 
Utative FCR and UT-I»C!« analysis; 0) agarose 
gels, (2) fluorescent labeling of PGU products and 
detection with in.-ier-indueed f1uore.iH.vncc using 
capillary electrophoresis (haseo el al. 1995; Wil- 
liams er al. 1996) or acrylaiuldc gels, and (3) plate 
capture and sandwich probe hybrid l*at tot t (Mul- 
der el ah 1994). Although these method* proved 
successful, each method requires posl-l'CR ma- 
nipulations That .add Time to the analysis ami 
may lead to hibuMUuiy i oiiIhu'm nation. The 
sample throughput of these jnrlhod* i.s limited 
(with the exception of the plate capture ap- 
proach), .and, therefore, these methods ore not 
well suited fin u.m.w demanding high so in pic 
throughput (I.e., screening of large numbers of 
Moiuolv*.uIc:> 01 anitty/-lii^ SAiUplva fwi diagnos- 
tics or clinical trials). 

Here we report .the development of a novel 
assay for quantitative DNA analysis. The assay is 
based on the usr of ilm fi 9 nuclease assay first 
described by Holland et al. (1991), The method 
uses the 5' nucleate Activity of 7W</ polymerase to 
cleave a honcxtcndlblc hybridisation probe dur- 
ing the ex ten .si on phase of T'Olt- The. approach 
uses dual-labeled fluorogenic hybridisation 
probes (Lec ct a). 1993; Hauler ct ah 1995; l.ivak 
et ah 1995o,b). One fluorescent dye serves as a 
reporter (FAM (i.e., 6-carboxyfluoresvein)[ and it* 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (he., fj-carboxy-tetramethyl- 
rhodaminc). The nuclease degradation of the hy- 
hridi/Jitton probe releases the quenching of ihe 
I'AM fluorescent emission, resulting in an In- 
crease hi peak fluorescent ernLssJon at 53b run. 
The use Of a sequence detector (AUI Prism) allows 
measurement of fluorescum spectra oi all 96 wells 
of me thermal cycler continuously during the 
l'CK amplification. Therefore, the reactions- aje 
monitored in real thuer TJk. output data Is de- 
scribed and quamiuuivc analysis of input urgct 
I )NA sequences is discussed below. 



RESULTS 



PCR Product perectlon in Rwal Time 

The goal was to develop a high-throughput, sen- 
sitive, and aeeunitc gene quantitation assay for 
use In molt itorlng lipid mediated therapeutic 
gene delivery. A plasmld encoding human factor 
VIII gene sequence, p]>'8TM (sec Methods), was 
used as a model therapeutic gene. Tn0 a * sav l ' ,sr * 
fluorescent Taqinan methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alii Prism 7700 Sequence Dclcrlor). Hie 
Taqman reaeilon requires a hybridization prohr 
lalxlcd with two different fluorescent dyes. One 
dye is a reporter dye (I* AM), the other in x quench- 
ing dye (TAMRA). When the proln: \s JnLacl, fiuo- 
icftccnt energy transfer occurs and the reporter 
dye flu orescent emission is absorbed by the 
quenching dye (TAMRA). During the extension 
phase of the l'CK cycle, ihe fluorescent hybrid- 
iKdlinri probe Is cleaved by the 5 '-.'J* nuclcolytic 
activity of thr DNA polymerase. On cleavage of 
the probe, the reporter dye emission Is no longer 
transferred efficiently to the quenching dye, re 
suiting In tin Increase of ihe reporter dye fluores- 
cent emission *»]>«<tra. I'CK primers unt! prubun 
were d'v^igned foi (be iiumao 'factor VI 11 se- 
quence and human p-acthi gene (a.* described in 
Methods). Optimization reactions were per- 
formed to choose the appropriute probe uiul 
magnesium concentrations yielding the I ughest 
Inttftiuthy of reporter fluorescent signal without 
sacrificing specificity. The Instrument uses a 
charge -coupled device (i.e., CCD camera) for 
measuring the fluorescent emission apeclm from 
SOO to C$0 mti. 1-ach PCR tube was monitored 
sequentially for 2& m.suc with ctHitlnuous moni- 
toring throughout the -aiiiplificaliwri. Uach lube 
wo« rr-exan dried every ft. 5 see. Computer soft- 
ware. wa?» deigned t<i ex a i nine the fhi orescent In- 
tensity of both the reporter dye (FAM) and 
the quenching dye (TAMRA). The ituorcfte.cni 
intensity of the quenching dye, TAMUA, changes 
very little over the course of the PCR amplKV 
caUon (data nut shown), The.r«fore 4 the Intensity 
of TAMlo\ dye emission serves hk an internal 
slaitdard with which to norma low the reporter 
dye (1 : AM) emission variatJons. Tl)e software cal- 
culates «a value termed AKn (or AI^O) using the 
following equation: ARn - <ttn J ) (Hn-), where 
- emission intensity of rci^orier/cinissiou in- 
tensity of tpieneher at any given time In a rctie 
rieni tube, auU R'n " emission intemsility of rc*- 
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portcr/omlsslon Hitcmily uf quencher measured 
prior lo rCH iimplilication in that same reaction 
tube. Tor the purpose of quantitation, the 1«si 
three data points (ARns) collected during the. ex* 
tension step for cacti Ktk cycle were analysed. 
The nudeolytic degradation of the hyundi/<ttion 
probe occurs during the extension phase or rtai, 
and, therefore, reporter fluorescent cnu^jun in- 
creases during this lime. Hut i\u*x data point* 
were averaged for each KJk cycle and the mean 
value for each was plotted in an -'-'amplification 
plot" shown In J'igurC J A. The ARn mean value ia 
plotted on the ^axis, and time, represented by 
cycle number, is plotted on thv*-axis. During the 
early cycles of the PCR amplification, the AUn 



value remains at base lino When sufficient hy- 
bridisation probe hciS been cleaved hy the Tun 
I>olymcra*c nufleAfic activity, the intensity of re- 
porter fluorescent emission inexeu&et.. Most PCU 
ampliations reach ;> plateau phnNc of reporter 
fiuurc>cv.iil cjrriiBSion tf the reacliun Is carried nut 
to high cycle muni*:**. The amplification plot I'J 
examined vaiJy in th« reaction, at a point lhai 
icj>icsonts the log phas'e of product arnwmla* 
lion. This Is done hy us&ignlng an arbiUiiry 
'threshold thai is baaed on the variability of the 
hase-linc data. In WguTtr 1 A, the threshold was set 
at 10 standard deviation* above, the mean Of 
base line eniixvtun calculated from tydcn 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Figure 1 PCR product detection in real time {A) The. Model 7700 MMtware wilt consiruct amplification ploti 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from Urn base line of the amplification ploL C, values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 1 0 times the 
standard deviation of the base line), (8) Overlay of amplification plots of serially (1:2) diluted human genomic 
DNA samples amplified with p-actin primers. (0 Input DNA concentration of the samples plotted versus C T . All 
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the amplification plot erodes the thresholds &tf 
fined as C, . C, is re)>ort«d u* the cycle number n\ 
this point. Ar will be domonsUutud, thi* G, .value 
ljt piediojve of ihc quantity of input target. 

Cr Values Provide a Quantitative Measurement* o>' 
Input Targer Sequences 

Figure 1R shows amplification pJot* of li»<diTfc** 
ent PGR amplifications overlaid. The Amplifou* 
tions wore performed on a 1:2 serial dilution ■«« 
human genomic JWA. The amplified target w:u 
human p actln. The. amplification plot* »)iifl to 
the right (to higher threshold cycles) n* the input 
target quantity h reduced. 1 T»$ is expected he- 
eaujto ruaettonfi with fc»wor starting copuui of the 
target molecule require greater amplification to 
degrade enough probe to attain the threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 

determine the O r values. Figure 1C represents the 
C r values plotted versus the sample dilution 
value. Each dilution was amplified in triplicate 
PGR amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C r values decrease linearly with increas- 
ing target quantity. Thus, O r values can be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plol for tile 15,6* ng sample shown In Figure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
'Hie 15,6-ng sample also achieves endpoint pla- 
teau at a lower fluorescent value than would he 
expected based on the input I >NA. This phenoni- 
enon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated c/ value us 
demonstrated by the fit on the line shown )n 
Figure 1 C. All triplicate amplifications resulted in 
very similar G,* values— ihc standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 300, 000-fold range of Input tar-- 
get molecule.*. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range ol lluorcsccnt in- 
tensity measurement of the ABI Prism 7700 Se- 

90RM 



moiitR over a very large r;mi»<» °* rflntivf* *iart(np, 
target quantities. 

Sample Preparation Validation 

Several parameters influence the oh kU*n ry uf 
PGR .amplification: magnesium and sail concen- 
nations, reaction conditions (i.e., time and tem- 
perature), PCH target size and composition, 
primer sequences, and sample puriTy. All of The 
.above (actors 3re common to a single PGR assay, 
except sample (0 sample purity, in an effort to 
validate (he method of sample preparation for 
the iacior Vill assay, r*CK amplification reproduc- 
ibility and oJflciency ol 10 replicate sample 
prt'|»aration.? were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quamltalcd by ultraviolet spectroscopy, 
Amplifications were performed analyzing p-aciln 
gum: content in 100 ami 2$ ng of total genomic 
UNA. Each 1'GR amplification was performed in 
triplicate* Comparison of G r values for each trip. 
Heate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). therefore, each ol the triplicate PGR 
amplifications was highly reproducible, demon. 
Stratlng that real time PGR using this instrumen- 
tation introduces minimal variation Into the. 
quantitative. J'CK analysis, comparison of the 
mean V n value. 1 * of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-atfin gene quantity. The highest C T 
<Hffercjice between any of the samples was 0.85 
and 0.7] for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample, exhibited an equivalent rate of fluoro 
cent emission intensity change per amount of 
DNA target analysed ns indicated by similar 
slopes derived from Ihc sample dilutions (Pig. 2). 
Any sample containing an excess of a VC\< inhibi- 
tor would exhibit a greater measured B-actln G r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (Hg, 2), altering 
the expected C # - value change. Each sample am- 
plification yielded a similar result in the analysis, 
dcmonslra ling (bat this method of sample prcpa- 
ration is highly reproducible with regard to 
sample purity. 

Quantitative Analvsis of a Plasmid After 
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Tablo 1. Reproducibility of tumplc Preparation Method 



100 ng 



25 ng 



Samplo 

no. Cf 



1 
2 

3 r 
4 
5 
6 



8 
9 
10 

Mean 



standard 
rrt£an deviation CV 



18,24 
18.23 

18.33 
18.35 
1fM4 

18.3 

18,3 

18,42 

18,15 

18.23 

18.32 

18.4 

18.38 

18.46 

18,54 

18.67 

19 

18.28 

18.36 

18.52 

18.45 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

18.66 

(1 10) 



13.27 0.06 



18/* 7 0,06 



18.34 0.07 



18.23 0.08 



1UM2 0.04 



18.7<f 0.21 



18.39 0.12 



18.63 0.16 



18.29 0.1 



1 8.55 
18.-12 



0.12 
0.17 



0.32 

0.3? 

0.36 

0.46 

0,23 

1.26 

0.66 

0.83 

0.55 

0.65 
0,90 



20,48 

20.S5 

20,5 

20.61 

20.59 

?0.41 

20,54 

20.6 

20.49 

20.48 

20,44 

20.38 

20.68 

20.87 

20.63 

21.09 

21,04 

21.04 

20.67 

20,73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.4B 

20.79 

20.78 

20.62 



standard 
mean deviation CV 



20*51 0.03 0,17 

0,11 0.54 

20.54 0.06 0,26 

20.43 0.05 0.26 

20.73 0.13 0.61 

21.06 0.03 0.15 

20.68 0.04 0.2 

20.86 0.12 0.57 

20.51 0,07 0.32 

20.73 OJ 0.16 

20.66 0.19 0.94 



(or containing a partial cDNA for human factor 
VIII; pl-8TM. A series of transections was soi 
up using a decreasing amount of the plasmid\40, 
4, 0.3, and O.I p,g). Twp.niy-rour hours pnst- 

ion, totttl T5NA was purified from each 
flask uf crib. p~Aclin gciic.tjuajHily wa* chosen a* 
a value for normali/iaiiwn of >;v.iiuiim*. HNA con- 
centration from each stuupJe. hi litis experiment, 
p-actin gene content should remain constant 
relative to coral genomic DNA. Figure 3 shows the 
result of the p-actin UNA measurement (100 ng 
total DNA determined hy ultraviolet spectros- 
copy) ot' each simple. Kach sample was analyzed 
in triplicate and the mean p-actin Cr values of 
the triplicates were plotted (error bars represent 

Wi*ri Hyvi^i,oni 1 h#» hloh**ST iiifforoncp 



bvtuMfcn any iwo camplo moans was 0.5JS Ten 
nanograms of total UNA of each sample were also 
examine*! for p-actln. llic results again showed 
that very similar amounts of genomic i>NA were 
present: the. maximum mean fi actio <";, value 
difference wa.*> 1 .0. As Figure 3 shows, the rote of 
p-aetin C r change between the J00 and 10-ng 
sample* was similar (slope values rangu hwtwoen 
3.56 and -3,45). ThU verifies again ih«l iho 
method of sample preparation yields samples of 
identical PCR integrity (),<•-, no sample contained 
an excessive ainouul of a PCR inhibitor). ITow- 
ever, these results indicate that each sample con 
talncd slight diffeiences in the actual amount of 
genomic 1>NA anaiyxed. Determination of actual 
uenumic ONA umccnl ration was accomplished 
90JOI 20S6 091 6^6 Tfd 00:ST ZO0Z/S0/ZT 
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Figure 2 Sample preparation purity. 1 he replicate 
samples shown In Tablo 7 wore also amplified In 
tripicate using 25 ng of each ONA sample. The fig- 
uie shows die input DNA concentration (100 arid 
25 ng) vs. C, In ihp figure. ih#* 100 and PS ng 
polfUS for *ach sample are connected by a line. 



by plotting the mean (3-actio O, value obtained 
for each 100* llg SHlflplv uu a ft-actln standard 
i.-wi ve (shown in J'Sa- 4C). The actual j-cnomic 
DNA concentration of each sumpl*'., «, was ob 
taincd l>y extrapolation to thu Xaxis. 

Figure- 4 A shows the measured. (i.tt. f 
normalised) quantities «f factor VJ11 planmid 
ONA (pIOTM) from each of the four transient cell 
tr<i".$fcclionft. Each reaction contained J00 ng of 
total sample DNA (as determined by UV spectros- 
copy). 1-acb sample was analyzed in triplicate 



; |>C:r< amplifications. As shown, pl ; 8TM purified 
,hoic Jhe 2QA cells decrease* (mean C, values in- 
eruintfj with decreasing amounts of plasmid 
,truitsl*-Uc<l The mean C A values obtained for 
pFfcTM in figure 4A were plotted on a standard 
i-ufvc comprised uf sci hilly diluted pFHTM, 
shown in figure 4ft. The quantity uJ pWl'M, b, 
found in co*:h of the four transections was do 
tcrmined by extrapolation to the x axlfc of the 
standard curve In l'igurc 41*. Thiac uncorrected 
m values, b, for pWI'M were nor mailed to deter- 

mine the actual amount of pl'81*M found per 100 
MN of genomic DNA by using the equation:. 

l> x 10 0 ug actual p! : 8'l*M copies i>c*r 
# ' r 100 ng (if genomic DNA 

where a actual genomic ONA in a sample and 
b ^ pPB'fM copies from the standard curve. The 
normalised quantity of pl'BTM per 100 ng of ge- 
nomic DNA for each of the four iramfcctlona Is 
shown in Hgure 4JJ. 'Hies* roullJ, show mai the 
quantity of factor Vlll plasiulU associated wiih 
the 2V3 cells* 2*1 hr after transect iun, dutuuises 
with decreasing pJasmid uiniAsiuiaUoii used in 
the transection. Tlic: quantity of pi'ttTM associ- 
ated wJih 293 cells, after transfcctlon with 40 ixg 
of piasmid, was 35 pg per 100 ng genomic DNA. 
TlliS results In -520 plasmid copies per cell. 
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Figure 3 Analyst uf bansfectcd cdl DMA quantity 
and purity, the DNA preparations* uf the lour 293 
cell transfections (40^ A, 0.5, and 0.1 fxg of pF8TM) 
were analyzed for the (S-actln gene. 1 00 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfected, the {i-actln 
C T values are plotted versus the total Input DNA 
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DISCUSSION 

Wo have described a new method for quantiint- 
iug-gcjic copy numbers using feaMlmc anulysls 
of PCJR amplificatlonK. ReaMimc PCK compat- 
ible With Cjthtir of thC IW0 KIR (KT-PCR) ap- 
proach^: (1) quantitative contf>«:titivc where an 
Intexnal wm|*K;tltor for each target sequence is 
used for normalisation (data not shown) or (2) 
quantitative comparative 1*CH usJufc a uuiiintU^a- 
tiou gcjie contained within the sample (i.e., p-ac- 
tin) us a "housekeeping" gene for RT-PCK. If 
equal amounts of nucleic add are analyzed for 
each sample and if the amplification effitiency 
before quantitative anaiysb «> identical for .each 
sample, the iTirernal cunttol (nuimali^ilinn jjene 
or competittjr) should give equal M^als for fll) 
samples. 

The real-time PCM method offers several ad- 
vantages over the other two methods currently 
employed (sec the introduction). First, the real- 
time I»CR method is performed in a doscd-tube 
system and requires no post-PCR manipulation 
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Figure A Quantitative Analysic of pFSTM in transfccted tell*. (A) Amount of 
plasmid DMA used for I he trunsf«cilon plotted against the mvan C, value deter- 
"rwi f ° r pf8TM rcmaIni "«. >A br alter (reflection. (0,Q Standard curve* of 
pf-fllM *nd |)-aciln, respectively. prgTM ONA (0) and genomic PNA (Q were 
diluted fiftrlalry 1 :5 before ^mpliflcMlor* with the appropriate primer*. The p-actin 
standard curve wav usod to normah>o the results of A to 1 00 rtcj of genomic DNA. 
(0) The amount of pF8TM present per 100 ng of genomic DNA. 



of feimpk-. Therefore; |h«* ftntentia) for rCK con- 
tamination in the laboratory is reduced because 
amplified products can U>. aiialywd ami disposed 
of without opening tho reaction tubes. Second, 
this method suppoiU the umi ofa tiorniijlixtillou 
gene (i.e., p-actin) for quantitative PCR or house- 
Keeping genes for quantitative RT-l'CK controls. 
Analysis Is performed in real lime during the Jog 
phase of product accumulation. Analysis during 
k*K phase permits ma ny different genes (over a 
wide input target range) to he analy^rd simulta- 
neously, without concern of reaching miction 
plateau at different cycle*, This will make ntulU- 
gene analyst assays much ca.Mei \\t develop, be- 
cause individual internal Muiipclllui* will not be 
needed for each gene under analyob. Third, 
sample throughput will inuearve dmniatiially 
with the new method because there is no poM* 
PCK processing lime. Additionally, walking In a 
96-wcll formal is highly compatible with auto* 
mat ion technology, 

The real-time 1>CR method is* highly repro- 
ducible. Replicate amplifications can be analyzed 



for each sample nUnlmhdng jKMcntial error. The. 
systitm allows' for a very large assay dynamic 
range (approaching 1,000,000-folri Mailing tin- 
gel). Uaiiig a .standard curve for the. target oi in- 
teres*, reJutJve copy number values can be deter- 
mined for any unknown *un;pic. Fluorescent 
threshold values, C,-, coneJair. linearly with rela- 
tive DNA copy numbers. Keal time quantitative 
KT-J'CH methodology (Gibson et al.; this I.«*j<-) 
ha* also been developed, finally, real lime quan- 
titative f*CU methodology can be used to develop 
high-throughput screening aaaay.s for n variety of 
applications [quantitative gene CApieaMon (KT- 
r*CR)j gene copy arrays <Mer2, HIV, etc.)/ £cnr> 
typing (knockout mouse analysis), and Immune 
rcuj. • 

Real-time POll may al.w l>c perforrncd using 
intere-aJating dyes (Hlgue.hi ci al- 1WJ such as 
eUviditirn bromide. The fluorogentc probe 
method offers a major advantage over inter- 
calating dyes- -greater specificity (i.e., primer 
dlmvrs and nonspecific PCR products are not de- 
ified). 
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METHODS 

Generation of <\ fUsnild Containing a Partial 
cDNA for Human Factor VIII 

Vtnai KNA waa luirvcttcd (KNAfcol U (wm 'I '<•! Test, Inc., 
tTWnd&WGO&f TX) from ecll*> I i-MiAfecled with 4 factor VI 11 
tx|»re*iskjn vector. pC:jS£.tk*2SO (Kattm el ftl. WHO; Got* 
man el al. 1900). A factor VIII partial el )N A wpi<*?HV W«Ji 

^>H<rn(o<j i>y irj- t»r:ii ic;<.neAmp la iTiti itNA l*r.U Kit 
(pan NttOK-or/y, AppiicO biosysicms, l'ostvi ^ty, <^)J 

uslnfc ihc I'c:k iinotvrs PHfor tmd l-Rrcv (primer 5U*qiinirt*s 

arc shown below). Thr amplicon was rcampiifiitl UAinR 
modified I'flfor and I^rcv primers (apixudrd with ri«t//Ul 
and f/wdlll rest rlci Ion site sequences «t tliv .V endj muV 
Clonal l"to jKilCM- 3Z (Prom^u Gorp., Muileton, Wt>. The 
resulting clone, pPSTM, was iiiictl lor transient tMnsfectlon 
'of 293 eclk. 



Amplification of Target DNA am! Dulccilon of 
Amplicon Facior Vill Plasmid DNA 

(pFHTM) was vmpllfunl wMi die jr-iuK-ii F8f<«r Z'*CA;C- 

cmK;<;AAC»AU:iUA<XiiCn\V3' and Mrev .v-aaacct- 
t^OCCrrOCiAJXUrrACCi-n'.'Ilie nttetloii p/odutrd w 422- 
np k:k product. The forward primer w«* deM^ncd to k\- 
ognlze (i unique M-ipii-mi- Ami id in the 5' untnnnKMt-d 
region of tfiu paieui pC152,o\25i> pldMuid mid therefore 
ilws not r-vuhoUc, <iiitl amplify I Ik* human factor VII I 
gene. I'rimorfi w<»ro chosen with tho -mist* ore of ihc* com. 
pulcr program Uli^o 1,0 (Nuticmiil biosciences, lne„ Ply- 
mouth, MN). The human p-actln gi-nc wjis amplified with 
the prtnico fVt« I in forward jntmcr $ '-TCAOOCACA< ?Yl IT 
GCCCATCI'ACOA-.V and £1- act in reverse piimor .S'-(!A(;. 
C0CAACCX:frrCA n(;(:c^AiCG-3'. The' reaction pro- 
duced a 295- hp i*Ck product. 

Amplification reactions (SO jxi) coin allied a DNA 
sample, K»x «;r Uuffv.r II ■*]), 200 dATT, dCTl\ 
dCTft and 400 p,M din'l», 4 tnxi MgCI ?( 1,ZS Unlis Ampll 
Tmj UNA poiymcia5e, 0,5 unit AmpWnse uracil fV-Rly- 
«o.<tyluftc <UNC), &0 pmoJv of each foeloi VIII prlmei, und IS 
pnioli* of 1ittO.l1 p actio pdHK'ir. 'I1ki i-eat-tUrnr* tthu i»mUtiicd 
00? of the following dt'K'cti/in proitox (W«j tiM cuHi): 
j^jiri^ir A'<i'AW)Ac:crjYrjt:c:A<:cyr<;crin , (yriT<:rcT- 

GCCTT(TAMRA)p 3' and fractin proU- 5 f (FAM)ATGf.X:c;- 
X(TAMHA)CC0Cr;ATCt:C:A'rGp-3' where p indicates 
phosphorylAii^n /ind X indicates a linker arm nucleotide. 
Reaction tul>c* wi-n- MtoroAmp Optical 1'ubcs (part num- 
ber KJkOI 0913, Porkln Ulnwr) thai woro froutwl («t Perklti 
ninicr) to prcvrul ltyi«l from reflecting Tube Cdpi were 
slmibr to MioroAmp c;nj>3 but specially designed to pre- 
vent 11^1 11 setiUernig. All o* l)i<. Vi'M c*mHuti\tih\v* were *ti>v 
|/li^:d 1>y PK Applied lUoiydtrnis <l^wU*r fitly, CA) CKCcpi 
iho factor VI U prim era, w) licit wcic ^yo(luv»l/c*d at Ccnvn 
lech, Inc. (Soutb ft<in Pcundsco, CA), l*robcv wt-rv designed 
using the Oligf.» 4.0 .loflware, folluwln^ giitdellncs: 

iiesiwi in tnc Model 7700 .sequence J>eurtt>r hmiwm'id 
manual. Itrlcfly, probe T m *)nmUt he ai Jcaal 5 U C higher 
man OH 1 arincahnx leiui^'Mlurc u.tcd durl/ij* ihcrrtiul cy- 
rlmg; primers Should jkU fcnu Nl«ihlv duplexed with tin- 
probe. 

The thcriijitl <'yrlhig conditkuvs Included 2 juln at 
50 W G and 10 min at 95"C. 'Hicrinal cycling prorrrded with 

EOKH 



reaction* woro |x5rfonned »»» \ h<* Mortal 7 701), Sequence IV- 
Unior (Vli Applted Uiusi^luniv), u>litfh coiitxhu -4 Ocnr - 
Amp W:U SvMvm POOO^ Kf?a<:llon conditions wcrr- pro. 
gruiinucU t^n .1 I'v»wor Mticiiiti^h VI 00 (Apple O.impiUPr, 

Santa Ciaru, i'J\) Jinked direuly to the Model V?0n Si'- 
t)uciicv !><*tffclor. Afi;dy*W of data wji* nlw.» pf*HV»rnrwd on 
the Mnt Utosh computer. f*ollnetl«n ;uid «u«lyKlK cnfiw»ro 
w«»( developed »i l*K Applied BlosyiUunis. 



Traiwfection of Cells with raaor VIII Construe! 

Pout T17.S flasks of 293 cells {ATCX: CAU. 1573), a human 
fetal kidney sutipention cell line, were h'' 1 ^' hi 80% .con- 
Miicney artwl tranifocted pl-rfl'M. Cells wen 1 k^owii in the 
Allowing mcdlA! $0% HAM'S Pi 2 without GMT, M)% Uhm 
glucose ))«it>e<XN»'a tnodlfird Ka^le medium (\)MVM) with- 
out glycine with sodium bicarhonofe, 10% ietal bovine 
seruui, % iiim L^iutdinine, drtd 1% penicilJin-atrcplomy- 
tin. The media w« cli»«^cd 30 mln hefo«' *li<. ironsfee 
lion. pl : UTM DNA amounts of 40, 4, 0S r and 0.1 w vie 
added lo 1.6 ml of ft solution containing 0.125 m CmCA?; 
«nd 1 x iiui^. The four mixtures were left at room tern* 

pe.mtun* (<•* TO min and Oien .kUKh! dr<ipw(*<. U\ the cells*. 
Tliv n»-»k> wviv.un.ulja(cd at 37°C 5% Ci\ fnr 24 hr, 
washed with Pits* iineJ fo^uspended In PUS. The rexnq 
jn*rid*.;d eclb -were divided into t*lu|unl» und UNA wftt> ex- 
tr»eted luimcdiutely using IhvQIAaxnp Klomi Kil (QUf»en. 
Glittlworth, </A). i>NA wos <:lul<d Into 200 -*l ol 30 p-m 
TrMICI ut pUBA 



ACKNOWLEDGMENTS 

We thank Genen lech's DNA Synthesis Gruup for primer 
liytitticsiN and litnjeiit ech's Graphiejf <;roiip for assistance 
Willi the figure* 

The puWiCfltlon rnxrx of this orilcle wore dyfrttyvd In 
pari (>y pay men I of paj*e chariest. TM* article must there- 
fore be hereby marked "adverOsement" i" ncwirdance. 
with IB USf ! ««rtloti 1/^4 ftololy to Indicate This ta<t. 



REFERENCES 

tJ-isslcr, ll^V., S.J. Plood, KJ. l.twik, J. Murnuru, K. Kntm, 

ana c:.a. hhii. iyV6. t;»« or a nuoro^cinc proln* in a 
PCR-based assay tor me cieicrtion of I Jit ei la 
nioitOcytogerifS. A/y. Bnviton, MiuvMuL 61; .1724-3720, 

lli-vkei-Andrc, M, t0V1. Quantitative CA»aluatlon of 
II1KNA luvch. Mctlt* MvL &1L hhtl 2; 109 

<.:iemeiiil, M., S. Me/iw*, I*. ll/i^fmn*IU, A. MaitiUn, A. 
VmI«*;i^, wud J>.R. Vartddo. t^U,l. Qnunlilurwe l»Cli and 
KT-I'C:R In virciloKy. |Rev|e.w|. PCU Mctiunk Applic. 
2: 

^Jiioor, 1U„ H. Molut, V. Cao, and WW Jlo. 1003. 
Increased viral htiwten and cytuputh icily Co^ftlato 
temporally wHh CO A ♦ T-lyinphoeyte dftdlno and 
vllnlcol pro^re-wiort in hunwm immonn/leficicncj' vims 
TyjH 1 Miifcvtnl uidividwals. I VlwL 67: 177^-1777. 

felon.' D.U W.I. Wood, 1). '.Eaton. VM Mass, 1*. 

20S6 091 6^6 XVd 00:ST 2002/S0V2T 



From : BML PHONE No. : 310 472 0305 Dec. 05 2002 12:26AM P19 



HFID LI AL 

Vehar, and O. (ionium. Ii>fi0. c XmMi'uction mid 
rijaractefixanon of mi m n%'e factor VIH variant larHWiK 
ihc eentoi nno iliird of the molecule. Wuniieinixtry 
25; 8343-8347. 

tasco, MJ. ( CP. Tfcanor, 5. Spivack, li.U I'lgge, and us. 
Kaminsky. 1995. Quantitative KNA-]M>iynicras<< rliain 
reactum-uNA analysis by cwplH^ry vleilicphorests and 
* lam< Induced fluorcsccno/ Him'hWU 22* : 140-147. 

Forrc, R 19V2, Quantitative nr stniri-quttntHatlvc K:K: 
Reality vctsum myth. Mcthtrcli Appttc. 2; 1-9, 

Kurlario, W.IL. i_A. Xiu^cy, awl .S.M. Wollnsky. 1995. 
CIikiiko !•« the viral inRNA repression pattern correlate 
with a rapid rate of CD4 ^ 'JVcell number riprllnr in 
human immunodoflctoncy vims type l-lnftH icrl 
individual*, h Ylwl 7-f*:U7.1tX). 

Cilwin, UXM, C.A. Heid r and P.M. Williams. 1WG A 
novel method for rwl iimo quantitative competitive 
RT-POK. Ccnonw «w. <thi* issue). 

Oofjtian. CM.. ».k. Glel, and C McCray. J*>90. 
Tuii.'.ient produt^ioit of protein* hnim^ •*»« adenovirus 
hdosfoiined ceil line. JWA TVnf, £«£w. 7W7i. if 3 10, 

fiiguciii, it., <.;« i*»lllii&cr, J\S. Walsh, m)<3 U. CWffiih. 
1992. Simultaneous wiipli filiation and dotation Of 
speClflc DNA MUjuCtKCS. WairtJutulosy lOl 417. 

r Holland, J'-M., R.D. Abiftinaon, R. WMaun, and 1> J U 
tienand. 1991. Pukfcclon of *|H**-lfle polyim.™*- rhrtln 
reaction prtwluci Dy AittlMriK die 5'- — -V cxomH'k'nM< 
atrllYliy of Tlicriiiu* a\ni(i<U,us UNA polymer* &c. Pnn\ 
Nrtf/. Acw/. Sti. Sfc: 72?u-72UO. 

Huang, S.K., H.CI. Xiao, TJ. Klelne, I'acitrtli, li.G, 
Marsh, uM. Uchtenstcirt, nnd M.C, J ju- 1 WAa. 1U13 
expression at the sites ot allergen challenge In patient? 
with asthma, A hwnun. 155: Z6ftft-2694* 

Huang, SX, M. Yl, E. rainier, and ]>.<.:. Marsh. l*9Sb. A 
dominant T cell receptor b«ta<ha1n in response to a 
short ragweed allergen, Amh a 5. h ltmmm. 

1 £4: 6157 -6 1 62, 

r 

Kellogg D.£., JJ. Snhwky, and S. Kowlc 1990, 

Qiwn lUution Of NIV-1 prm'tml DNA rnlativo to Wllular 

UNA by tlte polymerase chain reaction. AwtL Bloclmn. 

Lee» U«., CK. Council, and W. Uloch. 1903. Allelic 
^ dlsalnihiaiiuubry nlrk-lranslaUun )*CU with finorogonlc 
proUes. Nucleic Acids Ko. 21; 37^t-?.7^6.- 

Uvak, KJ-, SJ. Flood, J, Mannaro r w. (riusu, and K. 
Dectz. 1995a. Oligonucleotides with fluorasceTd dyes av 
opposite ends provide n queucDcd probe system useful 
for (let mil »g ixjr pKiduci «nd tinrli'ic acid 
hybridation, Mw/im^ Appttc. 4i 3£7 362. 

UvaU f ICJ..J, Matnwn), ttlid J.A. Tod<i. 1095b. Tcrwani^ 

loo® 



folly Qutonwterl E^nnmo-wt<tc iKilymoTplilsn* .wet-nil u: 
|l.etter| hiaturr Crnci. 9t 34 

Mulder. J. # N. M^JCuincy, t :. t.'hnstoplici^n, J, Niilnsky, 
u UKvnficw, antl K^oU- j;)9^. lu,dd and utmplc JOl 
oww»)* f^r qu*nt nation nf human Immuiuvlcflrloncy virus 
tyjx* I UNA in plasma: Applit-dtion to aaitc retroviral 
infection. ) Clin. WrmlriaL 32: 292* 300. 

J'imK' S (| Y. Koyanagl, S. Mlli% C. Wlloy, ll.V. VlnierM, 
niitj US. C;h«i. 1*J<MJ. Illflh JrvolR of uiilnt Curat c*d HIV-1 

ONA in hr;iin I issue of AllXS dementia pa(jVni.v Ntitwr 

riatak, mj,, k.<;. Kuk, 1>. wihmiiin -»»d j.n. i.iftmn. 
jyy.ia. truant Uatlvo awnfKitllivv pulyincra.^c chain 
R-aciion lor accuwtt: quanUioiKm «>t Jiiv i>NA WA 
s|>eclc$. Hio'VcvluUtpm 14; Ai-fti- 

Pluiak, MJ„ M Ssiafi, UC Yang, SJ. Clark, J.C. KAppcs, 
ice;, ixik. b.n. naiiti, rt.M. »naw. and UfwJii, jw.sij. 
I li|»h levels 01 HtV-l in pltoim, ciurmg all 3ia^v» **( 
intcdion determined \>y comperitlv^ ix:k 
Cuuti(K-im|. Srfwr; 2S(>: 1 749-175-4, 

J'lud'Jiuaiiiue, tijw UJI. Kono, and AJS, jftcofH/iiKJulo.-i. 
l«?9i. Quantuanve |K)lyincra^ chain reaction analysis 
rcvr»H ntarked civcreKprwsion nf tiM^rlcukiiv I Uetn, 
iiucrieuWn-i and liiterfc;va*^i»iu«» »i»knA In die lymph 
nodet) of lu(Jii>-uHtiir mu*-. Mi>7. JtnrtiwtoL J2: tOii-. c ,03. 

Kacy*ni>t-kcr^ I.. 199.*;. A commcntoo' *hc prnciiejil 
<tjij>1k«-illon» eoni|AitlUvv )»c*:ll. Ceuww tn 04. 

Shcup, AJ. Berk, aiul K.M. lierfiCt, J9WK 
1Va«iflerl))tjr^i niu|*4 of A<ienovlruft. Xivlhorf* toizy>nnl. 
6.*!: 7AO-7rt8. 

SU»iioii ( 1>J » fi.M- Cloj-lc S.C, W«»ng, WJ. U*vii», A. 
Ullrich, and W.U MtXruire. 19«7. Human breast Kamx-r: 
Correlation nl xctupsc cuid isirrvival wlt)t ampJlfiratiiin of 
the IWR-2/neu oncogene. Science 2'SBi 17'/- 182. 

Souihcni, UM. im. Detection ftf specific W^uuTices 
anion R ONA fragments separated by gt'l electrophoresis. 
l.Mol. ilfo/.9K:M>.V517. 

Tan, X., X. aun. t .-.»•• tiomajej, hiu! W. H^uei'. i9t>4. Mac 
and '17NI' increase Hie ^t^ usw ox M'-Uppa \\ pArt 
?n7d>JA In mouse Intestine; Qu*rtllUtlv*. analysts by 
cOJiijMtttnvc PCK- jsitKhtol. hloplty.i. Aite 1215: 157 Ki2. 

*IHtnna.s, P.S. IVWK tlytwldtiwiUon ot denaiurcd UNA ami 
Miiall DTNA fiagmciita trmiafcrrcd U> nltrwlluloie. i'mr. 
N^r/. Acfir/. SiL V7t 5201-5205. 

WlUJ'arns, S., C Sihwcr, A« Krlsihuarao, C. I leld, H. 
Karg«r, and i\M. WUlimnn. 1996. Quantitative 
coinpctiirve rCK: Au*\ r *h o( amplified pioducta of Lhe 
H1V.1 K3f; gone by capillary eJecrrophoresls with laser 
Induced fluoresce ncc detection. Anal Hiochm. (in press). 



Kcceifwd June 3, t996; accepted in revised form July 29, 
1996, 

Z0S6 09L 6^6 YVd T0:fiT Z00Z/S0/ZT 



Proc. Natl. Acad. Set USA 

Vol. 95, pp. 14717-14722, December 1998 

Cell Biology, Medical Sciences. 

WISP genes are members of the connective tissue growth factor 
family that are up-regulated in Wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors 

Diane Pennica*1\ Todd A. Swanson*, James W. Welsh*, Margaret A. Roy*, David A. Lawrence*, 
James Lee*, Jennifer Brush*, Lisa A. Taneyhill§, Bethanne Deuel*, Michael LevA Colin WatanabeII, 
Robert L. Cohen*, Mona F. Melhem**, Gene G. Finley**, Phil QuiRKEtt, Audrey D. Goddard*, 
Kenneth J. Hillan 11 , Austin L. Gurney*, David BotsteinW*, and Arnold J. Levine§ 

Departments of 'Molecular Oncology, *Molecular Biology, 'Scientific Computing, and ^Pathology, Genentech Inc., I DNA Way, South San Francisco, CA 94080; 
••University of Pittsburgh School of Medicine, Veterans Administration Medical Center, Pittsburgh, PA 15240; ^University of Leeds, Leeds, LS29JT United 
Kingdom; ^Department of Genetics, Stanford University, Palo Alto, CA 94305; and 5 Department of Molecular Biology, Princeton University, Princeton, NJ 
08544 



Contributed by David Botstein and Arnold J. Levine, October 21, 1998 

ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (f) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressible promoter, and (ii) Wnt-1 transgenic 
mice. The W1SP~1 gene was localized to human chromosome 
8q24.1-8q24 J. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-foid) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsn) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-30 (GSK-30) resulting in .an increase in 
/3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating. 
£-catenin levels (9). APC is phosphorylated by GSK-30, binds 
to )3-catenin, and facilitates its degradation. Mutations in 
either APC or p-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-j3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn)> and siamots 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and retractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
. Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 ptg of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 /i,g 
of poly (A)* RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP- 1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WlSP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 jxM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraidehyde-3-phosphate dehydrogenase primer 
sequences are available oYi request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas)* SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
oyer CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2(A«) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W/SP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/ Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP 2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 (M r 40 K), Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~27,000 (M r 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-l (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 /ig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-1- specific probe 
(amino acids 278-300) or a 190-bp WISP-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human /3-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WlSP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin*Hke growth facto r-b in ding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-l. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-l protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISPt3. A full-length human 
WlSP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354 r aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
* human WISP proteins shows that WISP-l and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-l and"32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-l, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-l is the same as the recently identified 
7 gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-l and WISP-2 that are not 
present in WISP-3 are indicated with a dot. {B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-l has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerizatiori and receptor binding (26). The CT domain is 
present in all CCN family members described, to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown).. 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP- 1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-l transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1 , WISP-2. expression also was seen in the 
tumor stroma in breast tumors from Wnt-l transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 
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Fig. 4. (A, C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-l transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power {A and B),. 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and 0), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£ and F),. expression of .WISP-2 is seen in ceils lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.L Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular' oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-} genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with £coRI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-l probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISPS RN A was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., 0-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-j3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a y fo serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
. tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply. WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP^2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2 1 describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down -regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- * 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. , 
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methods. Peptides AENK or AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell-proliferation assays were 
done essentially as described"" 1 . Briefly, after antigen pulsing (JO^gm! -1 
TTCF) with tetrapeptides (l-lmgrnl' 1 ), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u,Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u.g TTCF with 0.25 u,g 
pig kidney legumain in 500 u,l 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptido digestions. The peptides HIDNEEDI. HIDN(N-glucosamine) 
EEDI and H1DNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFRwas prepared by tryptic(Promega) digestion 
of 5 mg reduced, carboxy-methylated human transferrin followed by 
concanavalin A chromatography 11 . Glycopep tides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The iyophilized transferrin - 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml"' pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgrnl -1 a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. I). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane -asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and GPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3 L/TWEAK 8,9 , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFRl. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e) t and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
~-0.1 jigmP 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the AMinked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of pofy(A)* RNA (Ctontech) from 
human fetal and adult tissues or cancer cell lines. P8L, peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes U4 "'\ Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from ~-65% to 
— 30%, with half-maximal inhibition at — lu.gmr l ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL' 7 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene -copy number by quantitative polymerase chain 




Figure 2 Interaction of DcR3 with FasL a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (sojid line, shaded area), TNFRl -Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to ceils transfected with FasL or pRK5. PE, phycoeryth re- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c. Purified soluble FasL (sFasL) was immunoprecipitated with TNFRl -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunobiot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag; e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction -(PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3-based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We' then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of I gastric tumour (data not shown), A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasU 5 ng ml" 1 ) oligomerized 
with anti-Flag antibody (0.1 u.gmr')'in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody 
as in a, in presence of 1 p.g ml' 1 DcR3-Fc (filled circles), Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl, Fas-Fc, or DcR3-Fc (10^gmr'). 
After 16 h, apoptosis of CQ4* cells was determined (mean ± s.e.m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with 5, Cr- 
labeiled Jurkat cells in the presence of DcR3-Fc (filled circles), Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 51 Cr (mean ± s.d. for two donors, each in triplicate). 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 *' 9 . 

FasL is important in regulating the immune, response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d, f, g, h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n, o, p. q), one non-small-cell carcinoma (b), one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means z s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd). the 
DcR3-linked marker T160. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's Mest 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-l has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-reiated apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG\ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. □ 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhestns). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". . 

Fluorescence-activated cell sorting (FACS) analysis. We trans fee ted 293 
cells using calcium phosphate orEffectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u,g), together with pRK5 encoding CrmA 
(2|xg) to prevent cell death. After 16 h, the cells were . incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin -conjugated 
strep tavid th (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector- transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutiyely on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S]cysteine and [ 3S S| methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (i0u.M), 
the medium was immunopreci pita ted with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5p.g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 p.g) (Alexis) was incubated 
with each Fc-fusion protein (1 jig), precipitated, with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u,g) was 
incubated with buffer or with DcR3-Fc (40 u,g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6- ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 yd aliquots into microtitre 
wells precoated with anti-human IgG (Boeh ringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometryof two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG. blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound Iigand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICO. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u.g ml* 1 ) for 24 h, and cultured 
in the presence of interIeukin-2 (100 Uml" 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4 + cells" 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 5, Cr-Ioaded Jurkat cells at an effector- 
to -target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of 5I Cr in effector -target co- 
cultures relative to release of sl Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNAwas extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to ~500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5 ' -CriCnCGCGCACGCTG-3 ' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' - ( FAM -AC ACG ATGCGTGCTCCAAGCAG 
AAp-(TAMARA). where FAM is 5 '-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (ACT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £ coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide -binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane -bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £ coW J ~ 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet (p3 and p8-p 12) spans both arms of the L, with a domain of a 
a- plus 0-type structure (pi, p2, p4-p7, al and a2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 



ARM II 




ARM 1 




Figure 1, Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-He!ices 
are shown in orange and 0-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The (J-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I. as shown in a. towards arm II. showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon" and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-cha in -reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. 1. 
Cancer 78:661 -666, 1 998. 
© 1998 Wiley-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dm ins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et ai, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 

. cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 

. to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ (I lql3), and erbBl ( 17q 1 2-q21) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et ai, 1992; 
Schuuring et al, 1992; Slamon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al. (1987) between 
erb&2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard cu^ve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
. novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al. (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual -labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3 f nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the Q (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of Q 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr, 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erbBl), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 108 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C t (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Q and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al., 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N'\ and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbB2) 

N = ■ . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 FIR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/uL The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (I0 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consistedof 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real- time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates Q and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the (J-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et al, 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 
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Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure I shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes (app and alb) 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 5 (A9), 10 4 (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vj, Q (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al ,1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary' breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccnd 1 and erbi?2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndJ and 0.6 to 1.3 (mean 0.91 ± 0.19) forer6B2. SinceN values 
for myc, ccndl and crbWl in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and cvbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbB2 (15°/o, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbB2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (T! 18). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2. copy number (N < 0.5), suggesting that they bore deletions 
of the 1 7q2 1 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbB2 amplifications 
had previously been done on the same 108 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However, there were cases (I myc, 6 ccndl and 4 erbB2) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern. blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erb&2 GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2^».9 


as 


myc 


0 


97(89.8%) 11 (10.2%) 


0 


ccndl 


0 


83 (76.9%) 17(15.7%) 


8(7.4%) 


erbB2 . 


5 (4.6%) 


87 (80.6%) 8 (7.4%) 


8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi ei al. 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 rumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on Q values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the AB I Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C t value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al., 
1996; Slamon et al, 1989). However^ FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (i) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (//) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bemse/ al.. 1992; Boxgetal, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg et al. (1 992) and Courjal et al 
(1997). "(jv) The maxima of ccndl and erbB2 over-representation 
were 18- fold and 15-fold, also in keeping with earlier results (about 
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Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: TU8 (El 2, C6, black squares), Tl 33 (Gl I , B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experimenL Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table U. 



30-fold maximum) (Bernse/o/., 1 992; Borge/a/.. 1992; Courjal et 
al, 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et ai, 1 995; Deng et al., 1996; Valeron 



et al., 1996). Our results also correlate well with those recently 
published by Gelmini et al. (1997), who used the TaqMan system to 
measure erbBl amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Nccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndlfalb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
arid ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erb&2) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai. 1992; 
Slamon et ai. 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbBl (but not of the other 2 proto- 
oncogenes) in several tumors; erbftl is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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1. Resistance of primary HIV isolates to CD4 is independent of CD4-gpl20 binding 
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5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
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1 1. Chairman and speaker, Apoptosis Signaling session. IBC's 4th Annual 
Conference on Apoptosis. San Diego, CA., October 1997. 

1 8. Control of Apo2L signaling by death and decoy receptors. American Association 
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DECLARATION OF PAUL POLAKIS, Ph.D. 
I, Paul Polakis, Ph D ., declare and say as follows: 

1. I was awarded a Ph.D. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of my primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins", When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, riiRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely useful for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of pur research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 

-significant higher levels-m^ 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed from these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protein expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 



expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above aaid my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of title 1 8 of the United States Code and that such willful 
statements may j eopardize the validity of the application or any patent issued 



thereon. 
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Paul Polakis, Ph.D. 
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SECOND DECLARATION OF PAUL POLAKIS. Ph.D. 
I, Paul Polakis, Ph.D., declare and say as follows; 

1 . I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. 

2. Since joining Genenteeh in 1999, one of my primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research 
project with a primary focus on identifying tumor cell markers that find use 
as targets for both the diagnosis and treatment of cancer in human*. 

3. As I stated in ray previous Declaration dated May 7, 2004 (attached as 
Exhibit A), my laboratory has been employing a variety of techniques, 
including microarray analysis, to identify genes which are differentially 
expressed in human tumor tissue relative to normal human Lissue. The 
primary purpose of this research is to identify proteins that are abundantly 
expressed on certain human tumor tissue(s) and that are either (i) not 
expressed, or (ii) expressed at detectably lower levels, on normal tissue(s)! 

4. In the course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor tissue 
at significantly higher levels than in normal human tissue. To date, we 
have successfully generated antibodies that bind to 31 of the tumor antigen 
proteins expressed from these differentially expressed gene transcripts and 
have used these antibodies to quantitatively determine the level of 
production of these tumor antigen proteins in both human tumor tissue and 
normal tissue. We have then quantitatively compared the levels of mRNA 
and protein in both the tumor and normal tissues analyzed. The results of 
these analyses are attached herewith as Exhibit B, In Exhibit B, means 
that the mRNA or protein was detectably overexpressed in the tumor tissue 
relative to normal tissue and means that no detectable overexpression 
was observed in the tumor tissue relative to normal tissue. 

5. As shown in Exhibit B, of the 31 genes identified as being detectably 
overexpressed in human tumor tissue as compared to normal human tissue 
at the mRNA level , 28 of them (i.e., greater than 90%) are also detectably 
overexpressed in human tumor tissue as compared to normal human tissue 
at the protein leveL As such, in the cases where we have been able to 
quantitatively measure both (i) mRNA and (ii) protein levels in both (i) 
tumor tissue and (ii) normal tissue, we have observed thai in the vast 
majority of cases, there is a very strong correlation between increases in 
mRNA expression and increases in the level of protein encoded by that 
mRNA, 




6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4-5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a rumor 
tissue relative to a normal tissue more often than not correlates to a similar 
increase in abundance of the encoded protein in the tumor tissue relative ro 
the normal tissue. In fact, it remains a generally accepted working 
assumption in molecular biology that increased mRNA levels are more 
often than not predictive of elevated levels of the encoded protein. In fact, 
an entire industry focusing on the research and development of therapeutic 
antibodies to treat a variety of human diseases, such as cancer, operates on 
this working assumption. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be 
true, and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code- and that such willful statements may jeopardize the validity of the . 
application or any patent issued thereon. 
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EXHIBIT A 



DECLARATION OF PAUL POLAKIS, Ph.D. 
I, Paul Polakis, Ph.D., declare and say as follows: 

1. I was awarded a PhD. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached. to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of ray primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins". When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
.serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein levels. An important example of one such 
technique is the well known and widely used teclmique of microarray analysis 
which has proven to be extremely useful for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 
significantly higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed trom tiiese differentially express^^ne^an5cripts^d~tevc-used-these — 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protpin expression analyses described in paragraphs 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 



expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in die level of a particular riiRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 ofTitle 18 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
thereon. 
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Paul Polakis, Ph.D. 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specific expression of critical genes. Over 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations In cancer, but very few of the genes 
a fleeted are known. Here, we performed high-resolution CGH analysis on 
cDNA microarrays in breast cancer and directly compared copy number 
and mRNA expression levels of 13,824 genes to quantitate the impact of 
genomic changes on gene expression. We identified and mapped the 
boundaries of 24 independent am pi icons, ranging in size from 0.2 to 12 
Mb. Throughout the genome, both high- and low-level copy number 
changes had a substantial impact on gene expression, with 44% of the 
highly amplified genes showing overexpression and 10.5% of the highly 
overexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXB7 gene, 
the presence of which in a novel ampllcon at 17q2U was validated in 
10.2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel genes whose overexpression Is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited. 

Accumulation of genetic defects is thought to underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
of genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such as ERBB2 and EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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Fig. 1. Impact of gene copy number on global gene expression levels. A. percentage of 
over- and undcrcxprcsscd genes (Y axis) according to copy number ratios (X axis). 
Threshold values used for over- and urtdcrexpression were >2.1S4 (global upper 1% of 
the cDNA ratios) and < 0.4826 (global lower 7% of the expression ratios). B, percentage 
of amplified and deleted genes according to expression ratios. Threshold values for 
amplification and deletion were > 1 .5 and <0.7. 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH 3 (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that genome- wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and {b) identify and characterize those genes whose mRNA expres- 



5 The abbreviations used are: CGH, comparative genomic hybridization; FISH, fluo- 
rescence in situ hybridization; RT-PCR, reverse transcription-PC R. 
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Fig. 2. Gcnomc-wide copy number and expression analysis in the MCF-7 breast cancer cell line. A, chromosomal CGH analysis of MCF-7. The copy number ratio profile (blue 
line) across the entire genome from lp telomere to Xq telomere is shown along with £ I SD {orange lines). The black horizontal tin* indicates a ratio of 1 .0; red line, a ratio of 0.8; 
and green tine, a ratio of 1.2. 5-C, genome- wide copy number analysts in MCF-7 by CGH on cDNA microarray. The copy number ratios were plotted as a function of the position 
of the cDNA clones along the human genome. In 3, individual data points are connected with a line, and a moving median of 10 adjacent clones is shown. Red horizontal lint, the 
copy number ratio of 1.0. In C individual data points ore labeled by color coding according to cDNA expression ratio*. The bright red dots indicate the upper 2%, and dark red. dots, 
the next 5% of the expression ratios in MCF-7 cells (overexprested genes); bright green dots indicate the lowest 2%, and dark green dots, the next 5% of the expression ratios 
(tinderexprcssed genes); the rest of the observations ore shown with black crosses. The chromosome numbers are shown at the bottom of the figure, and chromosome boundaries are 
indicated with a dashed tine. 



sion is most significantly associated with amplification of the corre- 
sponding genomic template. 

MATERIALS AND rV^ETHODS 

Breast Cancer Cell Lines. Fourteen breast cancer cell lines (BT-20, BT- 
474, HCC1428, Hs578t f MCF7, MDA-361, MDA-436, MDA-453, MDA-468, 
SKBR-3, T-47D, UACC812. ZR-75-1, and ZR-75-30) were obtained from the 
American Type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Micro arrays. The 
preparation and printing of the 13,824 cDNA clones on glass slides were 
performed as described (1 1-13). Of these clones, 244 represented uncharac- 
terized expressed sequence tags, and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14, 
IS). Briefly, 20 *ig of genomic DNA from breast cancer cell lines and normal 
human WBCs were digested for 14-18 h with Alul and /teal (Life Technol- 
ogies, Inc., Rockvitle, MD) and purified by phenol/chloroform extraction. Six 
of digested cell line DNAs were labeled with Cy3-dUTP (Amersham 
Pharmacia) and normal DNA with Cy5-dUTP (Amersham Pharmacia) using 
the Bioprime Labeling kit (Life Technologies, Inc.). Hybridization (14, 15) and 
posrhybridization washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; Stratagene, 
La Jolla, CA) was used in all experiments. Forty fig of reference RNA were 
labeled with Cy3-dUTP and 3.5 jig of test mRNA with Cy5-dUTP, and the 
labeled cDNAs were hybridized on microarrays as described ( 1 3, 1 5). For both 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alto, CA) was used to measure the fluorescence intensities at the target 
locations using the DE ARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone in the control hybridization. For 
the copy number analysis, the ratios were normalized on the basis of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the basis of 88 housekeeping genes, which were spotted four times onto the 
array. Low quality measurements (f.e\. copy number data with mean reference 
intensity <100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 



were excluded from the analysis and were treated as missing values. The 
distributions of fluorescence ratios were used to define outpoints for increased/ 
decreased copy number. Genes with CGH ratio > 1 .43 (representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0.73 (representing the lower 5%) were considered to be 
deleted. 

Statistical Analysts of CGH and cDNA Microarray Data. To evaluate 
the influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity ratios were 
log-transformed and normalized using median centering of the values in each 
cell line. Furthermore, cDNA ratios for each gene across all 14 celt lines were 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, >1.43) and 0 for no amplification. 
Amplification was correlated with gene expression using the signaMo-noise 
statistics (1). We calculated a weight. w r for each gene as follows: 

W * = cr Bl + o*gQ 

where m gXt <r gl and m^, o^o denote the means and SDs for the expression 
levels for amplified and nonamplified cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than the original weight was denoted by a. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and Ampllcon Mapping. Each 
cDNA clone on the microarray was assigned to a Unigenc cluster using the 
Unigene Build 141. 6 A database of genomic sequence alignment information 
for mRNA sequences was created from the August 2001 freeze of the Uni- 
versity of California Santa Cruz's GoldenPath database. 7 The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sets. Amplicons were defined as a CGH copy n umber ratio >2.0 in at least two 
adjacent clones in two or more cell tines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amplicon start and end positions were 



* Internet address: httpV/rcscarch. nhgri.Dili.gov/niicroamy/dcrwnloadablc_cdna. html. 
7 Internet address: www.genome.ucsc.edu. 
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Table 1 Summary of independent amplicons in 14 breast cancer cell tines by 
CGH microarray 

i Location 

Ipl3 
lq2l 
lqZ2 
3pl4 

7pl2.1-7pll.2 
7q31 
7q32 

8q2l.lt-8q21.13 
8q21.3 

8q23.3-«q24.l4 
8q24.22 
9p)3 

13q22-q3l 
16q22 
17qll 

I7ql2-q2l.2 
17q21J2H(2l.33 
17q22-q23.3 
I7q23.3-nq24j 
19ql3 
20q 11.22 
2Qql3.l2 
20ql3.l2-<qi3,13 
20ql3.2-ql3.32 



Start (Mb) 


End (Mb) 


Size (Mb) 


132.79 


132.94 


0.2 


173-92 


177.25 


3.3 


179.28 


179.57 


0.3 


71,94 


74.66 


2,7 


55.62 


60.95 


5.3 


125.73 


130.96 


5.2 


140.01 


140.68 


0.7 


86.45 


92.46 


6.0 


98.45 


103.05 


4.6 


129.88 


142.15 


12 J 


151.21 


152.16 


1.0 


38.65 


39.25 


0.6 


77.15 


81J8 


42 


86.70 


87.62 


0.9 


29.30 


30.85 


1.6 


39.79 


42.80 


3.0 


52.47 


55.80 


33 


63.81 


69.70 


5.9 


69.93 


' 74.99 


5.1 


40.63 


41.40 


0.8 


34.59 


35.85 


1.3 


44.00 


45.62 


1.6 


46.45 


49.43 


3.0 


51.32 


59.12 


7.8 



CGH were validated, with lq21, 17qlZ— q21.2, 17q22-q23, 20ql3.1, 
and 20ql3.2 regions being most comnnonly amplified. Furthermore, 
the boundaries of these amplicons weire precisely delineated. Id ad- 
dition, novel amplicons were identified at 9pl3 (38.65-39.25 Mb), 
and 17q21.3 (52.47-55.80 Mb). 

Direct Identification of Putative /Amplification Target Genes. 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression «lata on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
cell line at lp!3, 17q22-q23, and 20ql3 were highly overex- 
pressed. A view of chromosome 7 in the MDA-468 cell line 
implicates EGFR as the most highly overexpressed and amplified 
gene at 7pl 1— pi 2 (Fig. 3A). In BT-474, the two known amplicons 
at 17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 32?). In addition » several genes, including the 
homeobox genes HOXB2 and HOXB 7, were highly amplified in a 
previously undescribed independent amplicon at 17q21.3. HOXB 7 
was systematically amplified (as validated by FISH, Fig. 38, inset) 
as well as overexpressed (as verified by RT-PCR, data not shown) 
in BT-474, UACC812, and ZR-75-30 cells. Furthermore, this novel 



extended to include neighboring nonamplified clones (ratio, <1.5). The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FTSH to breast cancer cell lines was done as 
described (17). Bacterial artificial chromosome clone RPU-361K8 was la- 
beled with SpectramOrange (Vysia, Downers Grove, IL), and Spectrum- 
Orange-labeled probe for EGFR was obtained from Vysis. SpcctrumGreen- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference. A tissue microarray containing 612 formalin-fixed, paraffin-embed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
(18). The use of these specimens was approved by the Ethics Committee of the 
University of Basel and by the N1H. Specimens containing a 2-fold or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank test. 

RT-PCR. The HOXB7 expression level was determined relative to 
GAPDH. Reverse transcription and PCR amplification were performed using 
Access RT-PCR System (Promega Corp., Madison, Wl) with 10 ng of mRNA 
as a template. HOXB7 primers were 5 f -GAGC AGAGGGACTCGGACTT-3 ' 
and 5' -GCGTCAGGTAGCG ATTGTAG-3 ' . 

RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH raicroarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed (i.e.. belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. 1 A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed increased copy number (Fig. \B\ Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

Identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resolution mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
1). Several amplification sites detected previously by chromosomal 
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Fig. 3. Annotation of gene expression data on CGH microarray profiles. A, genes in the 
7pl 1 -p12 amplicon in the MDA-468 cell line are highly expressed {red dots) and include 
the EGFR oncogene. B. several genes in the I7ql2, I7q2l.3, and I7q23 amplicons in the 
BT-474 breast cancer cell line are highly overexpressed (red) and include the HOXB 7 
genc. The data labels and color coding arc as indicated for Fig. 2C. tnjeu show 
chromosomal CGH profiles Tor the corresponding chromosomes and validation of the 
increased copy number by interphase FISH using EGFR [red) and chromosome 7 
centromere probe (green) to MDA-468 (A) and HOXB7-spccific probe {red) and chro- 
mosome 1 7 centromere (green) to BT-474 cells (B). 
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Fig. 4. List of 50 aenea with a statistically 
significant correlation (a value <0.05) between 
gene copy number and gene expression. Name, 
chromosomal location, and the o value for each 
gene are indicated. The genes hove been ordered 
according to their position in the genome. The color 
maps on the right illustrate the copy number and 
expression ratio patterns in the 14 cell lines. The 
key. to the color code is shown at the bottom of the 
graph. Gray squares, missing values. The complete 
list of 270 genes is shown in supplemental Fig. B. 




amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients (P = 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes in AmpHcons. Statistical comparison of expres- 
sion levels of all genes as a function of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell tines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontology data, 8 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) are implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that' could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in >1000 publications applying CGH 9 (9, 10), as well 
as in a large number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplicons (15, 19-21). Here, we applied genome- 
wide cDNA microarrays to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantial with the most dramatic effects seen in the case of high- 



* Internet address: hirp^www.geneoniology.or^. 
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level copy number increase. Low-level copy number gains and losses 
also had a significant influence on expression levels of genes in the 
regions affected, but these effects were more subtle on a gene-by-gene 
basis than those of high-level amplifications. However, the impact of 
low-level gains on the dysregulation of gene expression patterns in 
cancer may be equally important if not more important than that of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal arms represent the most common types of generic 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24). 

The CGH microarray analysis identified 24 independent breast 
cancer amplicons. We defined the precise boundaries for many am- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the bomeobox gene region at I7q2!.3 and led to the over- 
expression of the HOXB7 and HOXB2 genes. The homeodomain 
transcription factors are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
tumorigenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for overexpressing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to tumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poor prognosis 
of the patients. 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing -2% of all genes on the array), including not only 
previously described amplified genes, such as HER-2, MYC t 
EGFR f ribosomal protein s6 kinase, and AJB3, but also numerous 
novel genes such as NRAS-related gene (lpl3), syndecan-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect all of them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we demonstrate application of cDNA raicroarrays 
to the analysis of both copy number and expression levels of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: (a) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (b) a high-resolution map of 24 independent 
amplicons in breast cancer; and (c) identification of a set of 270 
genes, the ovcrexpression of which was statistically attributable to 
gene amplification. Characterization of a novel amplicon at 
1 7q2 1.3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 



between HOXB7 amplification and poor patient prognosis. Overall, 
our results illustrate how the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development. 
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Contributed by Patrick O. Brown. August 6, 2002 

Genomic DNA copy number alterations are key genetic events in 
the development and progression of human cancers. Here we 
report a genome-wide microarray comparative genomic hybrid- 
ization (array CGH) analysis of DNA copy number variation in 
a series of primary human breast tumors. We have profiled DNA 
copy number alteration across 6,691 mapped human genes, in 44 
predominantly advanced, primary breast tumors and 10 breast 
cancer cell lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of amptlcon boundaries and 
the quantitative analysis of ampltcon shape provide significant 
improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation in gene copy number contributes to 
variation in gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number Influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, low-, mid- and high-level amplification), that on average, 
a 2-foW change in DNA copy number Is associated with a corre- 
sponding 1.5-fold change in mRNA levels, and that overall, at least 
12% of all the variation in gene expression among the breast 
tumors is directly attributable to underlying variation In gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques, including comparative 
genomic hybridization (CGH) (1). have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
[e.g. FGFR1 (8pll), MYC (8q24), CCND1 (llq!3), ERBB2 
(17ql2), and ZNF217 (20ql3)J and tumor suppressor genes 
[RBI (13ql4) and TP53 (17pl3)], the relevant gene(s) within 
other regions (e.g., gain of lq, 8q22, and 17q22-24, and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map, delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer. In this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions. Because we had measured mRNA levels in parallel in 
the same samples (8), using the same DNA microarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. From 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast tumors. 

Materials and Methods 

Tumors and Cell Lines. Primary breast tumors were predominantly 
large (>3 cm), intermediate-grade, infiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within specimens averaged at least 50%, 
Details of individual tumors have been published (8, 9), and 
are summarized in Table 1, which is published as supporting 
information on the PNAS web site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethanol precipitation. 

DNA Labeling and Microarray Hybridization*. Genomic DNA label- 
ing and hybridizations were performed essentially as described 
in Pollack et al (7), with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters and the 
volumes of all reagents were adjusted accordingly. 4 Tesf DNA 
(from tumors and cell lines) was f iuorescentiy labeled (Cy5) and 
hybridized to a human cDNA microarray containing 6,691 
different mapped human genes (i.e., UniGene clusters). The 
"reference** (labeled with Cy3) for each hybridization was nor- 
mal female leukocyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arrays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using scanaly ze 
software (available at http://rana.lbl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal to 0. Measure- 
ments with fluorescence intensities more than 20% above back- 
ground were considered reliable. DNA copy number profiles 
that deviated significantly from background ratios measured in 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Significance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles are 
displayed as a moving average (symmetric 5-nearest neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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identifying the starting position of the best and longest match of 
anv DNA sequence represented in the corresponding UniGene 
cluster (10) against the "Golden Path" genome assembly 
(http://genome ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for ail elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are "mean-centered" (Unreported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA microarrays containing 6,691 different mapped human 
aenes (Fig. la; also see Materials and Methods for details of 
microarray hybridizations). To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the Golden 
Path" (http://genome.ucsc.edu/) genome assembly of the draft 
human genome sequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g., 
candidate oncogenes within amplicons), but also provide precise 
genetic landmarks for chromosomal regions of amplification and 
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deletion. Parallel analysis of DNA from cell lines containing 
different numbers of X chromosomes (Fig. 16), as we did before 
(7) demonstrated the sensitivity of our method to detea single- 
copy loss (45, XO), and 1* (47,XXX), « 
2.5-fold (49.XXXXX) gains (also see Fig. 5, which is published 
as supporting information on the PNAS web site). Fluorescence 
ratios were linearly proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary tumors 
(Fic. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples. DNA copy-numrjer 
alterations were found in every cancer ceil line and tumor, and 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and loss were readfly iden- 
tifiable. For example, gains within lq, 8q, 17q, and 20q were 
observed in a high proportion of breast cancer ceD Imes/tumors 
(90%/69%, 100%/47%, 100%/60%, and 90%/44%.respect^- 
h/) as were losses within lp, 3p, 8p, and 13q (80%/24%, 
80%/22%, 80%/22%, and 70%/18%, respectively), consistent 
with published cytogenetic studies (refe. 2^4; a complete listing 
of sains/losses is provided in Tables 2 and 3, which are published 
as supporting information on the WAS web site). The total 
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number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade {P = 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (P « 0.04), and harboring TP53 mutations (P = 
0.0006) (see Tabic 4, which is published as supporting informa- 
tion on the PNAS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharacterized oncogene (Fig. 2a). The complexity of amplicon 
structure is most easily appreciated in the breast cancer cell line 
SKBR3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 2b). For each of these regions we can define the 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well as the 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs. 6 and 7, which are published as supporting 
information on the FN AS web site). ' 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively), and a subset of arrayed genes (6,095), mRNA 
levels were quantitatively measured in parallel by using cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 
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of DMA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; he., a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PNAS web site) 
are found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean<entered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4<j). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a 
statistically significant fashion (P values for pair-wise Student's 
/ tests comparing adjacent classes: cell lines, 4 x lfr* 9 , 1 x 10" , 
5 x 10-', 1 x 10-4 tumors, 1 x 10"" 1 x 10^,5 x 10-', 
1 x 10~ 4 ). A linear regression of the average k>g(DNA copy 
number), for each class, against average log(mRNA level) 
demonstrated that on average, a Mold change in DNA copy 
number was accompanied by L4- and 13-fold changes in mRNA • 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4fl, regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 46). 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 46) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 
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Ha. 4. Genome-wide Influence of DNA copy number alterations on mRNA levels. (a) For breast cancer cell lines (gray) and ^tumor both 
Sar^emer^ mRNA fluorescence ratio (lo^scale) quartlles (box plots indicate 25tK 50th. and 75th percentile) and averaoes^rr^r^^er^ bar. 
Indicate standard errors of the mean) are plotted for each of five dasses of genes, representing DNA deletion frnw/nwlrmkr* °^ J^^^*' 
low. (1 2-2) medium- (2-4) end high-level (>4) amplification. P values for pair-wise Student's t tests, comparing averages between adjacent dasses (moving 
Xt^ 

DNAco^nurnberandmRNAleveMorC.^ 

The expected values were obtained by randomization of the sample iabeh in the DNA copy number data set. The «ne of unity 

in geneexpression (among tumors) directly explained by variation in gene copy number. ^^1^^^ 

(gray line) are plotted for different fluorescence intensity/background (a rough surrogate tor *>n*/nobe) cutoff 

o the 1.2 Intensity/background cutoff. Details of the linear regression model used to estimate the fraction of variation in gene exp^ten jrm^ble to 
underlying DNA copy number alteration can be found In the supporting information (see totimstlng the Faction of V*ri*tk>n in Gene expression Attribufbte 
to Underlying DNA Copy Number Attention). ■ 



tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
7% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence intensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variation in gene 
copy number increases to 12% (Fig. This still undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 

Discussion 

This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefulness of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



cell lines and tumors. Although the DNA microarrays used in our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be generaiizable 
(but would nevertheless still be remarkable if only applicable to 
this set of -6,100 genes). 

In budding yeast, ancuploidy has been shown to result in 
chromosome-wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips et aL (14) have shown that 
with the acquisition of tumorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platzcr et aL (15) recently reported that in metastatic 
colon tumors only -4% of genes within amplified regions were 
found more highry (>2-fold) expressed, when compared with 
normal colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2-fold increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of Platzer et at. (15) may have 
systematically under-measured gene expression changes. In this 
regard it is remarkable that only 14 transcripts of many thousand, 
residing within unamplified chromosomal regions were found to 
exhibit at least 4-fold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resolution chromo- 
somal CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicons, effectively overcallmg re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that widespread DNA copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject to specific autoregulation or dosage 
compensation. Third, this rinding cautions that elevated expres- 
sion of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high-resolution mapping of ampli- 
con boundaries and shape [to identify the "driving" gene(s) 
within amplicons (16)], on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 
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the genomic distribution of expressed genes, even within existing 
microarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in clinical 
behavior) among patients* tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration in 
tumorigenesis (17 f 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene expression, might disrupt critical 
stochioroetric relationships in cell metabolism and physiology 
(eg., proteosome, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression. Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances m gene expression in cancer. 
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Each year, over 182,000 women in the United States are 
diagnosed with breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role. 2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju- 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, and the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor size, histological grade, steroid 
hormone receptor status, DNA ploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 10%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunohistochemistry 
(1HC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, PathVysion™ Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the tumor, 
enabling differentiation between low- versus high-amplifica- 
tidti. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85:7%); this is compared to a recurrence rate of 16.7% for 
patients with no HER-2/neu gene amplification. 4 HER-2/neu 
status may be particularly important to establish in women with 
small (< 1 cm) tumor size. 

The choice of methodology for determination of HER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1549 node-positive patients. Patients received one 
of three different treatments consisting of different doses of 
cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adriamycin- 
based therapy, while those with normal HER-2/neu levels did 
not. The study therefore identified a sub-set of women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion in node-negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin c (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon demonstra- 
tion of HER-2/neu protein overexpression using HercepTest™. 
Studies using Herceptin° in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin c in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results . is unclear. Based on the above 
considerations, HER-2/neu testing at SHMC/PAML will uti- 
lize immunohistochemistry (HercepTest®) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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HER-2/neu via IHC 

88342 (including interpretive report) 

HER-2/neu via FISH 

88271 *2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-99 cells 
8829 1 Cytogenetics and molecular cytogenetics, interpre- 
tation and report 

Procedural Information 

Immunohistochemistry is performed using the FDA-approved 
DAKO antibody kit, Herceptest c . The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the need 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion ©f the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is then coun- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved PathVysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section. The Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 1 7, spectrum orange) present at 
the chromosome 1 7 centromere and the second for the HER- 
2/neu oncogene located at 17ql 1 .2- 1 2 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number on the two chromosome 17 
homologues normally present or an increase in the number of 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed and reported from the Vy sis-certified Cytogenet- 
ics laboratory at SHMC. 
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ABSTRACT The consistent cytogenetic translocation of 
chronic myelogenous leukemia (the Philadelphia chromosome, 
Ph 1 ) has been observed in cells of multiple hematopoietic 
lineages/This translocation creates a chimeric gene composed 
of breakpolnt-cluster-reglon (bcr) sequences from chromosome 
22 fused to a portion of the abl oncogene on chromosome 9. The 
resulting gene product (P210 C "* M ) resembles the transforming 
protein of the Abelson murine leukemia virus in its structure 
and tyrosine kinase activity. P210 c abI Is expressed in Ph 1 * 
positive cell lines of myeloid lineage and in clinical specimens 
with myeloid predominance. We show here that Epstein-Barr 
virus-transformed B-Iymphocyte lines that retain Ph 1 can 
express P210 0 ** 1 , The level of expression in these B-cell lines Is 
generally lower and more variable than that observed for 
myeloid lines. Protein expression Is not related to amplification 
of the abl gene but to variation in the level of bcr-abl mRNA 
produced from a single Ph 1 template. 



Chronic myelogenous leukemia (CML) is a disease of the 
pluripotent stem cell (1). In greater than 95% of patients, the 
leukemic cells contain the cytogenetic marker known as the 
Philadelphia chromosome, or Ph 1 (2). This reciprocal 
translocation event between the long arms of chromosomes 
9 and 22 has been used as a disease-specific marker for 
diagnosis and evaluation of therapy. Multiple hematopoietic 
lineages, including myeloid and B-lymphoid, contain Ph 1 in 
early or chronic phase, as well as in the more acute accel- 
erated and blast crisis phases of the disease. 

One molecular consequence of Ph 1 is the translocation of 
the chromosomal arm containing the c-abl gene on chromo- 
some 9 into the middle of the breakpoint-cluster region (bcr) 
gene on chromosome 22 (3-6). Although the precise 
translocation breakpoints are variable, an RNA-splicing 
mechanism generates a very similar 8-kilobase (kb) mRNA in 
each, case (5-9). The hybrid bcr-abl message encodes a 
structurally altered form of the abl oncogene product, called 
P2io c abl (10-13), with an aminc^terminal segment derived 
from a portion of the exons of bcr on chromosome 22 and a 
carboxyl-terminal segment derived from a major portion of 
the exons of the c-abl gene on chromosome 9. The chimeric 
structure of bcr-abl and the resulting P21(F' ftbl is similar to the 
structure of the Abelson murine leukemia virus gag-abl 
genome and resulting P160 v " abl transforming gene product. 
Both proteins have very similar tyrosine kinase activities (10, 
11, 14) which can be distinguished by their relative stability 
to denaturing detergents and by their ATP requirements from 
the recently described tyrosine kinase activity of the c-abl 
gene product (15). 
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In concert with structural modification of the amino- 
terminal portion of the abl gene, increased level of expression 
has been implicate^ in activation of c-abl oncogenic poten- 
tial. Myeloid and erythroid cell lines and clinical samples 
derived from acute-phase CML patients contain about 10- 
fold higher levels of the 8-kb bcr-abl mRNA and P210 c ' ftbl than 
the c-abl mRNA forms (6 and 7 kb) and P145 cabl gene product 
(5, 8, 9, ll). The higher level of expression of the chimeric 
bcr-abl message in acute-phase cells is not likely to be solely 
due to the presence of the bcr promoter sequences at the 5' 
end of the gene, since the normal 4.5-kb and 6.7-kb bcr- 
encoded mRNA species are expressed at an even lower level 
than the normal c-abl messages (5, 6).. 

We have analyzed a series of Epstein-Barr vir^s-immor- 
talized B-lymphoid cell lines derived from CML patients (16). 
With such in vitro clonal cell lines, we can evaluate whether 
the presence ofPh 1 always results in synthesis of the chimeric 
bcr-abl message and protein, and whether the quantitative 
expression varies for ceils of B-lymphoid lineage as com- 
pared to previously examined myeloid cell lines. Our results 
show that cell lines that retain Ph* do express bcr-abl message 
and protein, but that the level is generally lower and more 
variable than previously seen for myeloid cell lines. The 
demonstration that the Ph 1 chromosomal template can vary 
in its level of expression of P210 c * abi suggests that secondary 
mechanisms, beyond the translocation itself, contribute to 
the regulation of the bcr-abl gene in different cell types or 
subclones that derive from the affected stem cell. 

MATERIALS AND METHODS 

Cells and Cell Labelings. Epstein-Barr virus-transformed 
B-lymphoid cell lines were established from peripheral blood 
samples of chronic- and acute-phase CML patients as report- 
ed (16). The cell lines are designated according to patient 
number, karyotype, and lineage. For example, SK- 
CML7Bt(9,22)-33 refers to CML patient 7, B-lymphoid cell 
line, 9;22 translocation (Ph 1 ), cell line 33; and SK-CML7BN- 
2 refers to B-cell line 2 with a normal karyotype derived from 
the same patient. Repeat karyotype analysis was performed 
to verify the retention of Ph 1 just prior to analysis for abl 
protein and RNA. Cells were maintained in RPMI 1640 
medium with 20% fetal bovine serum. We have not observed 
any consistent pattern of in vitro growth rate that correlates 
to the stage of disease at the time of transformation with 
Epstein-Barr virus. Cells (1.5 x 10 7 ) were washed twice with 
Dulbecco's modified Eagle* s medium lacking phosphate and 
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supplemented with 5% dialyzed fetal bovine serum. Cells 
were then resuspended in 2 ml of the minimal medium. 
Labeling was started with the addition of [ 32 P]orthophos- 
phate (1 mCi/ml; ICN; 1 Ci = 37 GBq) and continued at 37°C 
for 3-4 hr. 

Immunoprecipitation and Immunoblotting. Immunoprecip- 
itations were carried out as described (10). Cells (1.5 x JO 7 ) 
were washed with phosphate-buffered saline and extracted 
with 3-5 ml of phosphate lysis buffer (1% Triton X-100/0.1 
NaDodSO 4 /0.5% deoxycholate/10 mM Na 2 HP0 4 , pH 7.5/ 
100 mM NaCl) with 5 mM EDTA and 5 mM phenylmethyl- 
sulfonyl fluoride. Extracts were clarified by centrifugation 
and precipitated with normal or rabbit anti-abl sera (anti- 
pEX-2 or anti-pEX-5) (17). The precipitated proteins were 
electrophoresed in a NaDodS0 4 /8% polyacrylamide gel. 
32 P-labeled proteins were detected by autoradiography. 
Alternatively, abl proteins were detected by immunoblotting. 
Extracts from unlabeled cells were clarified, and proteins 
were concentrated by immunoprecipitation with rabbit anti- 
sera against aW-encoded proteins [anti-pEX-2 and anti-ppX- 
5 combined (17)] and then fractionated in 8% acrylamide gels. 
The proteins were transferred from the gel to nitrocellulose 
filters, using protease-facilitated transfer (18). The abl- 
encoded proteins were detected using murine monoclonal 
antibodies as a probe and peroxidase-conjugated goat anti- 
mouse second stage antibody (Bio-Rad) for development. 
Rabbit antisera and mouse monoclonal antibodies to abl 
proteins were prepared using bacterially expressed regions of 
the v-abl protein as immunogens (17, 19). Anti-pEX-2 anti- 
bodies react with the internal tyrosine kinase domain and 
anti-pEX-5 antibodies react with the carboxyl-terminal seg- 
ment of the abl proteins. 

RNA Analysis. RNA was extracted from 10 8 cells by the 
NaDodS0 4 /urea/phenol method (20). Polyadenylylated 
RNA was purified by oligo(dT) affinity chromatography. 
Samples were electrophoresed in a \% agarose/formalde- 
hyde gel and transferred to nitrocellulose, abl RNA species 
were detected by hybridization with a nick-translated v-abl 
fragment probe (21). 

DNA Analysis. DNA was prepared from 5 x 10 7 cells of 
each cell line and processed for Southern blots with a v-aW 
probe as described (21). 

RESULTS 

Variable Levels of P210 cabI Are Detected in Ph^PosWve Cell 
Lines. Ph^positive and Ph^negative, Epstein-Barr virus- 
transformed B-lymphocyte cell lines derived from the same 
patient were examined for P210°* abl synthesis by immuno- 
precipitation of [ 3i P]orthophosphate-labeled cell extracts 
with anti-abl sera (Fig. 1). The normal c-abl protein P145 c ' ftbl 
was detected at a similar level in multiple Ph^positive and 
Ph^negative cell lines. P210 cab! was only detected in the 
Ph l -positive cell lines because the bcr-abl chimeric gene 
which encodes P210 cabl resides on the Ph l (4, 5, 11, 13). The 
level of P210 c-abl was about 4- to 5-fold higher than the level 
of P145 C Bbl in the SK-CML7Bt-33 cell line (Fig. 1A, +). The 
Ph ! -positive erythroid-progenitor cell line K562 (C) showed 
a level of P210 c abl about 10-fold higher than P145 c * b |. 
However, the level of P210 c-abl was about one-fifth that of 
P145 c-abi in thQ Ph^positive SK-CML16BM cell line (Fig. IB, 
+). Comparison of different autoradiographic exposures 
roughly indicated that the level of P210 c abl varies over a 
20-fold range between these Ph 1 -positive B-cell lines. Anal- 
ysis of four additional Ph l -positive B-cell lines demonstrated 
that the level of P210 c abl fell into two general classes; some 
cell lines had a level of P210 c abl similar to SK-CML7Bt-33 
and others had the low level similar to SK-CML16BM (Table 
1). This differs from previous studies with Ph ! -positive 
myeloid cell lines and patient samples derived from acute- 
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Fio. 1. Detection of variable levels of P210 c * w in Ph l -positivc 
B-cell lines. Production of PMJ**" and P210 e - rtl in Epstein-Barr 
virus-transformed B-cell lines derived from a blast-crisis (A) and a 
chronic-phase (£) CML patient was examined by metabolic labeling 
with [ 32 P]orthophosphate and immunoprecipitation. Ph'-negative 
(-) and Ph'-positive (+) cell lines derived from each patient were 
analyzed. The Ph l -negative cell line in A,- is SK-CML7BN-2 and in 
B,- is SK-CML16BN-1. The Ph^positive cell line in A,+ is 
SK-CML7Bt-33 and in is SK-CML16Bt-l. The K562 cell Une, a 
Ph'-positive erythroid progenitor cell line spontaneously derived 
from a blast-crisis patient (33) , is represented in C. Cells (1.5 x 10 7 ) 
were metabolically labeled with 2 mCi of P 2 P]orthophosphate for 3-4 
hr and then were extracted and clarified by centrifugation. Samples 
were immunoprecipitated with control normal serum (lanes 1), 
anti-pEX-2 (lanes 2), or anti-pEX-5 (lanes 3) and analyzed by 
NaDodS0 4 /8% PAGE followed by autoradiography with an inten- 
sifying screen (3 days for A and C t 10 days for B). 

phase CML patients, in which P210 c * bI was detected at a 
10-fold higher level than P145 c abI (refs. 10 and 11; Table 1). 
There was no large difference in level of chimeric mRNA and 
P210 c-abI expressed in four myeloid/erythroid-lineage Pre- 
positive cell lines (K562, EM2, EM3, CML22, and BV173; 
refs. 9 and 11), despite a 4- to S-fold amplification of 
a6/-related sequences in the K562 cell line. 

Detection of different levels of P210 c ' abl in Fig. 1 could be 
due to decreased phosphorylation of P210 c " ?bl , a lower level 
of P210 c_abI synthesis, or altered stability of the protein. To 
help distinguish among these possibilities, the steady-state 
level of P210 c_abl in the ceil lines was assayed by immuno- 
blotting. The results show that SK-CML7Bt.33 (Fig. 2A, +) 
had a higher level of P210 c - abl than P145, similar to the results 
with metabolic labeling (Fig. 1). We did not detect P210 c " abl 
by immunoblotting with 2 x 10 7 cells of line SK-CML8Bt-3 
(Fig. 2B, +). Reconstruction experiments using dilutions of 
cell extracts showed that we could detect about 5-10% the 
level of P210 C ftbI expressed in the K562 cell line (data not 
shown). We infer that the steady-state level of P21(P Bbl in 
SK-CML8Bt-3 is lower than, the level in SK-CML7Bt-33 by 
a factor of at least 10. The level of P210 c * abl detected in these 
assays correlated with the amount of P210 c " abl tyrosine kinase 
activity that could be detected in vitro (data not shown). 

Different Levels of PllO 0 ^ 1 Are Reflected in the Amount of 
Stable bcr-abl mRNA. To identify the basis for detection of 
variable levels of P210 c abl , we examined the production of 
the abl RNA. RNA blot hybridization analysis using a v-abl 
probe (Fig. 3) showed that the normal 6- and 7-kb c-abl 
mRNAs were present at a similar level in Ph l -positive and 
-negative cell lines derived from different patients. However, 
the 8-kb mRNA that encodes P210 c " abI was detected at a 
10-fold higher level in SK-CML7Bt-33 (Fig. 3A, +) than in 
SK-CML16BM (£, +), which correlated with the relative 
level of P210 c abI detected in each cell line. Analysis of 
additional cell lines demonstrated that the level of 8-kb RNA 
directly correlated with the level of P210 c abl (Table 1). The 
variation in level of 8-kb RNA detected in these cell lines was 
not due to loss or gain of Ph\ because cytogenetic analysis 
confirmed the presence of Ph l in these cell lines (ref. 16 and 
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Table 1. Relative levels of bcr-abl expression in Epstein-Barr 
virus-immortalized B-cell lines and myeloid CML lines 



CeU line* 


CML phase* 


Ph 1 * 


P2105 


mRNA* 


SK-CML7BN-2 


BC 
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SK-CML8BN-10 


Chronic 


_ 


_ 


_ • 


SK-CML8BN-12 


Chronic 








SK-CML16BN-1 


Chronic 








SK-CML35BN-1 


Chronic 








SK-CML7B5-33 


BC 


+ 


+ ++ 


+ + + 


SK-CML21BM 


Acc 


+ 


+ + + 


+ + + 


SK-CML21Bt-6 


Acc 


+ 


+++ 


+ + + 


SK-CML8Bt-3 


Chronic 


+ 


+ 


± 


SK-CML16BM 


Chronic 


+ 


+ 


+ 


SK-CML35BI-2 


Chronic 


+ 


t 


+ 


K562 


BC 




+ + + + + 


+ + + + + 


BV173 


BC 


+ 


+ + + + + 


+ + + + + 


EM2 


BC 


+ 


+ + + + + 


+ + + + + 



•Cell lines derived from CML patients by transformation with 
Epstein-Barr virus as described (16). Names of cell lines indicate 
patient number and Ph 1 status: SK-CML7Bt indicates a cell line 
derived from patient 7 that carries the 9;22 Ph 1 translocation; N 
indicates a normal karyotype. Myeloid-erythroid cell lines (K562, 
EM2, and BV173) are described in previous publications (9, 11, 22, 
33). 

'Status of patient at the time cell line was derived. BC, blast crisis; 
Acc, accelerated phase. 

♦Presence (+) or absence (-) of Ph 1 as demonstrated by karyotypic 
or Southern blot analysis. 

$P210 C -* W detected as described in legend to Fig. 1, B-ceil lines 
derived from blast-crisis and accelerated-phase patients had levels 
of P210 3- to 5-fold higher (+ + +) than levels of P145. Chronic- 
phase-derived cell lines had P210 levels lower than or just equivalent 
(+) to the level of P145. Myeloid and erythroid lines had levels of 
P210 5- to 10-fold higher than P145 (+ + + + +). 

^Eight-kilobase bcr^abl mRNA detected as described in legend to 
Fig. 2. Symbols: ±, borderline detectable; + + + + + , level of 8-kb 
mRNA 5- to 10-fold higher than that of the 6- and 7-kb c-abt mRNA 
species; +++, level of 8-kb mRNA 3- to 5-fold higher than that of 
. the 6- and 7-kb species; + , a level approximately equivalent to that 
of the 6- and 7-kb messages. 

data not shown). There was no difference in the copy number 
of aW-related sequences as judged by Southern blot analysis 
(Fig. 4). Only the K562 cell line control showed an amplifi- 
cation of abl sequences, as previously reported (22, 23). 
These combined data suggest that differential bcr-abl mRNA 
expression from a single gene template is responsible for the 
variable levels of P210 £>abl detected. This could be mediated 
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Fio. 2. Analysis of steady-state abl protein levels by immuno- 
blotting. Cell extracts prepared from 2 x 10 7 cells of lines SK- 
CML7BN-2 04,-), SK-CML7Bt-33 (A,+), SK-CML8BN-10 {B-), 
and SK-CML8Bt-3 (£,+) were concentrated by immunoprecip- 
itation with anti-pEX-2 plus anu-pEX-5. Samples were then electro- 
phoresed in a NaDodS0 4 /8% polyacrylamide gel and transferred to 
nitrocellulose, using protease-facilitated transfer (18). abl proteins 
were detected using a mixture of two monoclonal antibodies directed 
against the pEX-2 and pEX-5 a£>/-protein fragments produced in 
bacteria (19) as a probe and a peroxidase-conjugated goat anti-mouse 
second-stage antibody (Bio-Rad) for development. 




FlO. 3. Comparison of abl RNA levels in Prepositive and 
-negative B-cell lines. The levels of the normal 6- and 7-kb c-abl 
RN As and the 8-kb bcr-abl RNA were analyzed by blot hybridization 
using a v-aM probe. RNA was extracted from Ph'-negative lines 
SK-CML7BN-2 (A,-) and SK-CML16BN-1 (5,-), from Prepos- 
itive lines SK-CML6Bt-33 (A,+) and SK-CML16Bt-3 (*.+), and 
from line K562 (C,+) by the NaDodS0 4 /urea/phenol method (20). 
Polyadenylylated RNA was purified by oligo(dT) affinity chroma- 
tography, and 15 ^g of each sample was electrophoresed in a 1% 
agarose/formaldehyde gel and then transferred to nitrocellulose. The 
blotted RNAs were hybridized with a nick-translated v-abl fragment 
probe (21) and then autoradiographed for 4 days. 



by factors influencing the transcription rate of the bcr-abl 
gene or the stability of the mRNA. 

DISCUSSION 

Several lines of evidence suggest that formation of Ph 1 is not 
the primary event that affects the stem cell in CML. Patients 
have been identified that present with the clinical picture of 
CML but only later develop Ph 1 (1). This observation, 
coupled with studies of G6PD (glucose-6-phosphate dehy- 
drogenase)-heterozygous females with CML that demon- 
strate stem-cell clbnality by isozyme analysis among cell 
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Fig. 4. Southern blot analysis of abl sequences in Ph^positive 
and -negative B-cell lines. High molecular weight DNA (15 pg) was 
digested with restriction endonuclease BamHl, separated in a 0.8% 
agarose gel, and then transferred to nitrocellulose. The blotted DNA 
fragments were hybridized with a nick-translated, 2.4-kb Bgl II v-oW 
fragment (1.5 x 10° cpm//ig; ref. 21) and exposed for 4 days. (A) 
Autoradiogram of a6/-specific fragments in cell lines HL-60 (lane 1), 
EM2 (lane 2), K562 (lane 3). SK-CML7Bt-33 (lane 4), SK-CML8Bt-3 
(lane 5), SK-CML16BM Cane 6). SK-CML21Bt-6 (lane 7), SK- 
CML35Bt-2 (lane 8), SK-CML7BN-2 Cane 9), SK-CML8BN-2 (lane 
10), and SK-CML35BN-1 (lane 11). (£) Ethidium bromide staining of 
agarose gel prior to transfer to nitrocellulose, showing the level of 
variation in amount of DNA loaded per lane. 
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populations that lack the Ph 1 marker, supports a secondary 
or complementary role for Ph 1 in the progression of the 
disease (24, 25). This chromosome marker is found in 
chronic, accelerated, and blast-crisis phases of the disease. It 
is likely that Ph 1 confers some growth advantage, since cells 
with the marker chromosome eventually predominate the 
marrow and peripheral blood even in chronic phase. During 
the phase of blast crisis, many patients develop additional 
chromosome abnormalities, including duplication of Ph 1 , a 
variety of trisomies, and complex translocations (26). This 
is suggestive evidence for Ph 1 being a necessary but not 
sufficient genetic change for the full evolution of the 
disease. 

The realization that one molecular result of Ph 1 is the 
generation of a chimeric bcr-abl protein with functional 
characteristics and structure analogous to the gag-abl trans- 
forming protein of the Abelson murine leukemia virus 
strengthens the argument for an important role of Ph 1 in the 
pathogenesis of CML. Although the Abelson virus is gener- 
ally considered a rapidly transforming retrovirus, its effects 
can range from overcoming growth factor requirements, to 
cellular lethality, to induction of highly oncogenic tumors in 
a number of hematopoietic cell lineages (27, 28). Even in the 
transformation of murine cell targets, there are several lines 
of evidence that suggest that the growth-promoting activity of 
the v-abl gene product is complemented by further cellular 
changes in the production of the malignant-cell phenotype 
(29-31). 

The regulation of bcr-abl gene expression is complex 
because the 5' end of the gene is derived from the non-aW 
sequences, bcr t normally found on chromosome 22 (6). The 
level of stable message for the normal bcr gene and the 
normal abl gene are both much lower than the level of the 
bcr-abl message and protein from cell lines and clinical 
specimens derived from myeloid blast-crisis patients (5, 6, 
11). Therefore, the high level of bcr-abl expression cannot 
simply be attributed to the regulatory sequences associated 
with bcr. Possibly, creation of the chimeric gene disrupts the 
normal regulatory sequences and results in a higher level of 
expression. Variation in bcr-abl expression may result from 
secondary changes in the structure of the chimeric gene or 
function of trans-acting factors that occur during evolution of 
the disease. Our analysis of P210 cabl and the 8-kb mRNA in 
Epstein-Barr virus-transformed Ph^positive B-cell lines 
demonstrates that stable message and protein levels from the 
bcr-abl gene can vary over a wide range. This variation does 
not result from a change in the number of bcr-abl templates 
secondary to gene amplification but more likely from changes 
in either transcription rate or mRNA stability. We suspect 
this range of bcr-abl expression is not limited to lymphoid 
cells. Analysis of peripheral blood leukocytes derived from 
an unusual CML patient who has been in chronic phase with 
myeloid predominance for 16 years showed a level of 
P210 c abl one-fifth that of P145 C ftbf , as detected by metabolic 
labeling with [ 32 P]orthophosphate and immunoprecipitation 
(S.C., O.N.W., and P. Greenberg, unpublished observa- 
tions). Lower levels of expression of the chimeric mRNA 
have been demonstrated in clinical samples from chronic- 
phase CML patients compared to acute-phase CML patients 
(9). Others have reported chronic-phase patients with vari- 
able but, in some cases, relatively high levels of the bcr-abl 
mRNA (32). The sampling variation and the heterogenous 
mixture of cell types in clinical samples complicate such 
analyses. Further work is needed to evaluate whether there 
is a defined change in P210 cabl expression during the pro- 
gression of CML. It is interesting to note that among the 
limited sample of Ph^positive B-cell lines we have examined 
(Table 1), we have seen higher levels of P210 c abl in those 
derived from patic v. at more advanced stages of the disease. 



It will be important to search for cell-type-specific mecha- 
nisms that might regulate expression of bcr-abl from Ph 1 . 
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Paul a. Haynes Proteome analysis: Biological assay or data archive? 

Steven P. Gygi 

Daniel Figeys j n tn j s rev i ew we examine the current state of proteome analysis. There are 

Aebersola three main issues discussed: why it is necessary to study proteomes; how pro- 

teomes can be analyzed with current technology; and how proteome analysis 

Department of Molecular can be used t0 enhance biological research. We conclude that proteome anal- 

Biotecnnology, Unlve ™'y °j ys is is an essential tool in the understanding of regulated biological systems. 

Washington, beattie, WA, UbA Current technology, while still mostly limited to the more abundant proteins, 

enables the use of proteome analysis both to establish databases of proteins 
present, and to perform biological assays involving measurement of multiple 
variables. We believe that the utility of proteome analysis in future biological 
research will continue to be enhanced by further improvements in analytical 
technology. 
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1 Introduction 

A proteome has been defined as the protein complement 
expressed by the genome of an organism, or, in multicel- 
lular organisms, as the protein complement expressed by a 
tissue or differentiated cell [l]. In the most common im- 
plementation of proteome analysis the proteins extracted 
from the cell or tissue analyzed are separated by high 
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2 Rationale for proteome analysts 

The dramatic growth in both the number of genome 
projects and the speed with which genome sequences 
are being determined has generated huge amounts of 
sequence information, for some species even complete 
genomic sequences ([15-17]). The description of the 
state of a biological system by the quantitative measure- 
ment of system components has long been a primary 
objective in molecular biology. With recent technical 
advances including the development of differential dis- 
play-PCR [18], cDNA microarray and DNA chip techno- 
logy [19, 20] and serial analysis of gene expression 
(SAGE) [21, 22], it is now feasible to establish global and 
quantitative mRNA expression maps of cells and tissues, 
in which the sequence of all the genes is known, at a 
speed and sensitivity which is not matched by current 
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protein analysis technology. Given the long-standing 
paradigm in biology that DNA synthesizes RNA which 
synthesizes protein, and the ability to rapidly establish 
global, quantitative mRNA expression maps, the ques- 
tions which arise are why technically complex proteome 
projects should be undertaken and what specific types of 
information could be expected from prbteome projects 
which cannot be obtained from genomic and transcript 
profiling projects. We see three main reasons for pro- 
teome analysis to become an essential component in the 
comprehensive analysis of biological systems, (i) Protein 
expression levels are not predictable from the mRNA 
expression levels, (ii) proteins are dynamically modified 
and processed in ways which are not necessarily 
apparent from the gene sequence, and (iii) proteomes 
are dynamic and reflect the state of a biological system. 

2.1 Correlation between mRNA and protein expression 
levels 

Interpretations of quantitative mRNA expression profiles 
frequently implicitly or explicitly assume that for specific 
genes the transcript levels are indicative of the levels of 
protein expression. As part of an ongoing study in our 
laboratory, we have determined the correlation of expres- 
sion at the mRNA and protein levels for a population of 
selected genes in the yeast Saccharomyces cerevisiae 
growing at mid-log phase (S. R Gygi et al., submitted for 
publication). mRNA expression levels were calculated 
from published SAGE frequency tables [22]. Protein 
expression levels were quantified by metabolic radiola- 
beling of the yeast proteins, liquid scintillation counting 
of the protein spots separated by high resolution 2-DE 
and mass spectrometry identification of the protein(s) 
migrating to each spot. The selected 80 samples consti- 
tute a relatively homogeneous group with respect to pre- 
dicted half-life and expression level of the protein pro- 
ducts. Thus far, we have found a general trend but no 
strong correlation between protein and transcript levels 
(Fig. 1). For some genes studied equivalent mRNA trans- 
cript levels translated into protein abundances which 
varied by more than 50-fold. Similarly, equivalent steady- 
state protein expression levels were maintained by trans- 
cript levels varying by as much as 40-fold (S. R Gygi 
et al. y submitted). These results suggests that even for a 
population of genes predicted to be relatively homoge- 
neous with respect to protein half-life and gene expres- 
sion, the protein levels cannot be accurately predicted 
from the level of the corresponding mRNA transcript. 

2.2 Proteins are dynamically modified and processed 

In the mature, biologically active form many proteins are 
post-translationally modified by glycosylation, phosphor- 
ylation, prenylation, acylation, ubiquitination or one or 
more of many other modifications [23] and many pro- 
teins are only functional if specifically associated or com- 
plexed with other molecules, including DNA, RNA, pro- 
teins and organic and inorganic cofactors. Frequently, 
modifications are dynamic and reversible and may alter 
the precise three-dimensional structure and the state of 
activity of a protein. Collectively, the state of modifica- 
tion of the proteins which constitute a biological system 
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Figure I. Correlation between mRNA and protein levels in yeast cells. 
For a selected population of 80 genes, protein levels were measured 
by 3S -S-radiolabeling and mRNA levels were calculated from publi- 
shed SAGE tables. Inset: expanded view of the low abundance region. 
For more experimental details, also see Figs. 5 and 6, (S. P. Gygi et at., 
submitted). 



are important indicators for the state of the system. The 
type of protein modification and the sites modified at a 
specific cellular state can usually not be determined 
from the gene sequence alone. 

2.3 Proteomes are dynamic and reflect the state of a 
biological system 

A single genome can give rise to many qualitatively and 
quantitatively different proteomes. Specific stages of the 
cell cycle and states of differentiation, responses to 
growth and nutrient conditions, temperature and stress, 
and pathological conditions represent cellular states 
which are characterized by significantly different pro- 
teomes. The proteome, in principle, also reflects events 
that are under translational and post-translational con- 
trol. It is therefore expected that proteomics will be able 
to provide the most precise and detailed molecular des- 
cription of the state of a cell or tissue, provided that the 
external conditions defining the state, are carefully deter- 
mined. In answer to the question of whether the study 
of proteomes is necessary for the analysis of biomolec- 
ular systems, it is evident that the analysis of mature pro- 
tein products in cells is essential as there are numerous 
levels of control of protein synthesis, degradation, 
processing and modification, which are only apparent by 
direct protein analysis. 



3 Description and assessment of current proteome 
analysis technology 

3.1 Technical requirements of proteome technology 

In biological systems the level of expression as well as 
the states of modification, processing and macro-molec- 
ular association of proteins are controlled and modu- 
lated depending on the state of the system. Comprehen- 
sive analysis of the identity, quantity and state of modifi- 
cation of proteins therefore requires the detection and 
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quantitation of the proteins which constitute the system, 
and analysis of differentially processed forms. There are 
a number of inherent difficulties in protein analysis 
which complicate these tasks. First, proteins cannot be 
amplified. It is possible to produce large amounts of a 
particular protein by over-expression in specific cell sys- 
tems. However, since many, proteins are dynamically 
post-transiationaily modified, they cannot be easily am- 
plified in the form in which they finally function in the 
biological system. It is frequently difficult to purify from 
the native source sufficient amounts of a protein for 
analysis. From a technological point of view this trans- 
lates into the need for high sensitivity analytical tech- 
niques. Second, many proteins are modified and pro- 
cessed post-translationally. Therefore, in addition to the 
protein identity, the structural basis for differentially 
modified isoforms also needs to be determined. The dis- 
tribution of a constant amount of protein over several 
differentially modified isoforms further reduces the 
amount of each species available for analysis. The com- 
plexity and dynamics of post-translational protein edit- 
ing thus significantly complicates proteome studies. 
Third, proteins vary dramatically with respect to their 
solubility in commonly used solvents. There are few, if 
any, solvent conditions in which all proteins are soluble 
and which are also compatible with protein analysis. This 
makes the development of protein purification methods 
particularly difficult since both protein purification and 
solubility have to be achieved under the same condi- 
tions. Detergents, in particular sodium dodecyl sulfate 
(SDS), are frequently added to aqueous solvents to 
maintain protein solubility. The compatibility with SDS 
is a big advantage of SDS polyacryiamide gel electro- 
phoresis (SDS-PAGE) over other protein separation 
techniques. Thus, SDS-PAGE and two-dimensional gel 
electrophoresis, which also uses SDS and other deter- 
gents, are the most general and preferred methods for 
the purification of small amounts of proteins, provided 
that activity does not necessarily need to be maintained. 
Lastly, the number of proteins in a given cell system is 
typically in the thousands. Any attempt to identify and 
categorize all of these must use methods which are as 
rapid as possible to allow completion of the project 
within a reasonable time frame. Therefore, a successful, 
generalproteomics technology requires high sensitivity/ 
high throughput, the ability to differentiate differentially 
modified proteins, and the ability to quantitatively dis- 
play and analyze all the proteins present in a sample. 

3.2 2-D electrophoresis - mass spectrometry: a common 
implementation of proteome analysis 

The most common currently used implementation of 
proteome analysis technology is based on the separation 
of proteins by two-dimensional (IEF/SDS-PAGE) gel 
electrophoresis and their subsequent identification and 
analysis by mass spectrometry (MS) or tandem mass 
spectrometry (MS/MS). In 2-DE, proteins are first separ- 
ated by isoelectric focusing (IEF) and then by SDS- 
PAGE, in the second, perpendicular dimension. Separ- 
ated proteins are visualized at high sensitivity by staining 
or autoradiography, producing two-dimensional arrays of 
proteins. 2-DE gels are, at present, the most commonly 
used means of global display of proteins in complex 



samples. The separation of thousands of proteins has 
been achieved in a single gel [24, 25] and differentially 
modified proteins are frequently separated. Due to the 
compatibility of 2-DE with high' concentrations of deter- 
gents, protein denaturants and other additives promoting 
protein solubility, the technique is widely used. 

The second step of this type of proteome analysis is the 
identification and analysis of separated proteins. Individ- 
ual proteins from polyacryiamide gels have traditionally 
been identified using /V-terminal sequencing (26, 27], 
internal peptide sequencing [28, 29], immunoblotting or 
comigration with known proteins [30]. The recent dra- 
matic growth of large-scale genomic and expressed 
sequence tag (EST) sequence databases has resulted in a 
fundamental change in the way proteins are identified by 
their amino acid sequence. Rather than by the traditional 
methods described above, protein sequences are now fre- 
quently determined by correlating mass spectral or 
tandem mass spectral data of peptides derived from pro- 
teins, with the information contained in sequence data- 
bases [31-33]. 

There are a number of alternative approaches to pro- 
teome analysis currently under development. There is 
considerable interest in developing a proteome analysis 
stragegy which bypasses 2-DE altogether, because it is 
considered a relatively slow and tedious process, and 
because of perceived difficulties in extracting proteins 
from the gel matrix for analysis. However, 2-DE as a 
starting point for proteome analysis has many advan- 
tages compared to other techniques available today. The 
most significant strengths of the 2-DE-MS approach 
include the relatively uniform behavior of proteins in 
gels, the ability to quantify spots and the high resolution 
and simultaneous display of hundreds to thousands of 
proteins within a reasonable time frame. 

A schematic diagram of a typical procedure of the identi- 
fication of gel-separated proteins is shown in Fig. 2. Pro- 
tein spots detected in the gel are enzymatically or chemi- 
cally fragmented and the peptide fragments are isolated 
for analysis, as already indicated, most frequently by MS 
or MS/MS. There are numerous protocols for the gener- 
ation of peptide fragments from gel-separated proteins. 
They can be grouped into two categories, digestion in 
the gel slice [28, 34] or digestion after electro transfer out 
of the gel onto a suitable membrane ([29, 35-37] and 
reviewed in [38]). In most instances either technique is 
applicable and yields good results. The analysis of MS or 
MS/MS data is an important step in the whole process 
because MS instruments can generate an enormous 
amount of information which cannot easily be managed 
manually. Recently, a number of groups have developed 
software systems dedicated to the use of peptide MS 
and MS/MS spectra for the identification of proteins. 
Proteins are identified, by correlating the information 
contained in the MS spectra of protein digests or 
MS/MS spectra of individual peptides with data con- 
tained in DNA or protein sequence databases. 

The systems we are currently using in our laboratory are 
based on the separation of the peptides contained in pro- 
tein digests by narrow bore or capillary liquid chromatog- 



t t. t „;-t>l»«r<h IW. /O. 1862-1871 



Proleome analysis: Biological assay or dala archive 



1865 



jparate proteins 



protein 




excise 
spot 




peptides 



digest 



MS spectrum 
database search 



MS/MS spectrum 
database search 



illiliLilliilLi 


ii.l 










Jill l,J n,l 





figure 2. Schematic diagram of a procedure for identification of gel- 
separated proteins. Peptides can either be separated by a technique 
such as LC or CE, or infused as a mixture and sorted in the MS. Data- 
base searching can either be performed on peptide masses from an 
MS spectrum, peptide fragment masses from CID spectra of peptides, 
or a combination of both. 



niphy [39, 40] or capillary electrophoresis [41j, the anal- 
ysis of the separated peptides by electrospray ioniza- 
tion (ESI) MS/MS, and the correlation of the generated 
peptide spectra with sequence databases using the 
SEQUEST program developed at the University of Wash- 
ington [32, 33]. The system automatically performs the 
following operations: a particular peptide ion character- 
ized by its mass-to-charge ratio is selected in the MS out 
of all the peptide ions present in the system at a parti- 
cular time; the selected peptide ion is collided in a colli- 
sion cell with argon (collision-induced dissociation, 
CID) and the masses of the resulting fragment ions are 
determined in the second sector of the tandem MS; this 
experimentally determined CID spectrum is then corre- 
lated with the CID spectra predicted from all the pep- 
tides in a sequence . database which have essentially the 
same mass as the peptide selected for CID; this correla- 
tion matches the isolated peptide with a sequence seg- 
ment in a database and thus identifies the protein from 
which the peptide was derived. There are a number of 
alternative programs which use peptide CID spectra for 
protein identification, but we use the SEQUEST system 
because it is currently the most highly automated pro- 
gram and has proven to be successful, versatile and 
robust. 

3.3 Protein identification by LC-MS/MS, capillary 
LC-MS/MS and CE-MS/MS 

It has been demonstrated repeatedly that MS has a very 
high intrinsic sensitivity. For the routine analysis of gel- 
separated proteins at high sensitivity, the most signif- 
icant challenge is the handling of small amounts of 
sample. The crux of the problem is the extraction and 
transferal of peptide mixtures generated by the digestion 
of low nanogram amounts of protein, from gels into the 
MS/MS system without significant loss of sample or 
introduction of unwanted contaminants. We employ 
three different systems for introducing gel-purified sam- 
ples into an MS, depending on the level of sensitivity 



required. As an approximate guideline, for samples con- 
taining tens of picomoles of peptides, LC-MS/MS is 
most appropriate; for samples containing low picomole 
amounts to high femtomole amounts we use capillary 
LC-MS/MS; and for samples containing femtomoles or 
less, CE-MS/MS is the method of choice. 

3.3.1 LC-MS/MS 

The coupling of an MS to an HPLC system using a 
0.5 mm diameter or bigger reverse phase (RP) column 
has been described in detail [42]. This system has several 
advantages if a large number of samples are to be ana- 
lyzed and all are available in sufficient quantity. The 
LC-MS and database searching program can be run in a 
fully automated mode using an autosampler, thus maxi- 
mizing sample throughput and minimizing the need for 
operator interference. The relatively large column is 
tolerant of high levels of impurities from either gel prep- 
aration or sample matrix. Lastly, if configured with a 
flow-splitter and micro-sprayer [40], analyses can be per- 
formed on a small fraction of the sample (less than 5%) 
while the remainder of the sample is recovered in very 
pure solvents. This latter feature is particularly useful 
when an t orthogonal technique is also used to analyze 
peptide fractions, such as scintillation of an introduced 
radiolabel, and this data can be correlated with peptides 
identified by CID spectra. 

3.3.2 Capillary LC-MS 

An increase of sensitivity of approximately tenfold can be 
achieved by using a capillary LC system with a 100. um ID 
column rather than a 0.5 mm ID column as referred to 
above. Since very low flow rates are required for such 
columns, most reports have used a precolumn flow split- 
ting system for producing solvent gradients. We have 
recently desribed the design and construction of a novel 
gradient mixing system which enables the formation 
of reproducible gradients at very low flow rates (low 
nL/min) without the need for flow splitting (A. Ducret 
et.aL, submitted for publication). Using this capillary 
LC-MS/MS system we were able to identify gel-separat- 
ed proteins if low picomole to high femtomole amounts 
were loaded onto the gel [40]. This system is as yet not 
automated and, like all capillary LC systems, is prone to 
blockage of the columns by microparticulates when ana- 
lyzing gel-separated proteins. 

3.3.3 CE-MS/MS 

The highest level of sensitivity for analyzing gel-sep- 
arated proteins can be achieved by using capillary elec- 
trophoresis - mass spectrometry (CE-MS). We have de- 
scribed in the past a solid-phase extraction capillary elec- 
trophoresis (SPE-CE) system which was used with triple 
quadrupole and ion trap ESI-MS/MS systems for the 
identification of proteins at the low femtomole to sub- 
femtomole sensitivity level [43, 44]. While this system is 
highly sensitive, its operation is labor-intensive and its 
operation has hot been automated. In order to devise an 
analytical system with both the sensitivity of a CE and 
the level of automation of LC, we have constructed 
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Figure 3. Schematic illustration of a 
microfabficated analytical system. for CE, 
consisting of a micromachined, device, 
coated capillary electroosmotic pump, 
and microelectrospray interface. The 
dimensions of the channels and reservoir 
are as indicated in the text. The channels 
on the device were graphically enhanced 
to make them more visible. Reproduced 
from [45], with permission. 



microfabricated devices for the introduction of samples 
into ESI-MS for high-sensitivity peptide analysis. 

The basic device is a piece of glass into which channels 
of 10-30 urn in depth and 50-70 urn in diameter are 
etched by using photolithography/etching techniques 
similar to the ones used in the semiconductor industry. 
(A simple device is shown in Fig. 3). The channels are 
connected to an external high voltage power supply [45]. 
Samples are manipulated on the device and off the 
device to the MS by applying different potentials to the 
reservoirs. This creates a solvent flow by electroosmotic 
pumping which can be redirected by changing the posi- 
tion of the electrode. Therefore, without the need for 
valves or gates and without any external pumping, the 
flow can be redirected by simply switching the position 
of the electrodes on the device. The direction and rate of 
the flow can be modulated by the size and the polarity 
of the electric field applied and also by the charge state 
of the surface. . 

The type of data generated by the system is illustrated in 
Fig. 4, which shows the mass spectrum of a peptide sample 
representing the tryptic digest of carbonic anhydrase at 
290 fmol/uL. Each numbered peak indicates a peptide suc- 
cessfully identified as being derived from carbonic an- 



hydrase. Some of the unassigned signals may be chemical 
or peptide contaminants. The MS is programmed to auto- 
matically select each peak and subject the peptide to CID. 
The resulting CID spectra are then used to identify the 
protein by correlation with sequence databases. Therefore, 
this system allows us to concurrently apply a number of 
protein digests onto the device, to sequentially mobilize 
the samples, to automatically generate CID spectra of 
selected peptide ions and to search sequence databases 
for protein identification. These steps are performed auto- 
matically without the need for user input and proteins can 
be identified at very low femtomote level sensitivity at a 
rate of approximately one protein per 15 min. 

3.4 Assessment of 2-DE-MS proteome technology 

Using a combination of the analytical techniques de- 
scribed above we have identified the 80 protein spots 
indicated in Fig. 5. The protein pattern was generated by 
separating a total of 40 microgram of protein contained 
in a total cell lysate of the yeast strain YPH499 by high 
resolution 2-DE and silver staining of the separated pro- 
teins. To estimate how far this type of proteome analysis 
can penetrate towards the identification of low abun- 
dance proteins, we have calculated the codon bias of the 
genes encoding the respective proteins. Codon bias is a 
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Figure 4. MS spectrum of a tryptic digest 
of carbonic anhydrase using the microfa- 
bricated system shown in Fig. 3. 290 
fmol/uL of carbonic anhydrase tryptic 
digest was infused into a Finnigan LCQ 
ion trap MS. Each peak was selected for 
CID, and those which were identified as 
containing peptides derived from car- 
bonic anhydrase are numbered. Repro- 
duced from [451, w > tn permission. 
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lijitirc 5. 2-DE separation of a lysale of yeast cells, with identified proteins highlighted. The first dimension of separation was an IPG from 
I>1 1 3-10. and the second dimension was a 10%T SDS-PAGE gel. Proteins were visualized by silver staining. Further details of experimental 
procedures are included in S. P. Gygi et al. (submitted). 



calculated measure of the degree of redundancy of trip- 
let DNA codons used to produce each amino acid in a 
particular gene sequence. It has been shown to be a 
useful indicator of the level of the protein product of a 
particular gene sequence present in a cell [46]. The gen- 
eral rule which applies is that the higher the value of the 
codon bias calculated for a gene, the more abundant the 
protein product of that gene becomes. The calculated 
codon bias values corresponding to the proteins identi- 
fied in Fig. 5 are shown in Fig. 6b. Nearly all of the pro- 
teins identified (> 95%) have codon bias values of > 0.2, 
indicating they are highly abundant in cells. In contrast, 
codon bias values calculated for the entire yeast genome 
(Fig. 6a) show that the majority of proteins present in 
ihe proteome have a codon bias of < 0.2 and are thus of 
low abundance. 

This finding is of considerable importance in our assess- 
ment of the current status of proteome analysis technol- 
ogy. It is clear that even using highly sensitive analytical 
techniques, we are only able to visualize and identify the 



more abundant proteins. Since many important regula- 
tory proteins are present only at low abundance, these 
would not be amenable to analysis using such tech- 
niques. This situation would be exacerbated in the anal- 
ysis of proteomes containing many more proteins than 
the approximately 6000 gene products present in yeast 
cells [16]. In the analysis of, for example, the proteome 
of any human cells, there are potentially 50000—100000 
gene products [47]. Inherent limitations on the amount 
of protein that can be loaded on 2-DE, and the number 
of components that can be resolved, indicate that only 
the most highly abundant fraction of the many gene 
products could be successfully analyzed. One approach 
that has been employed to circumvent these limitations 
is the use of very narrow range immobilized pH gradient 
strips for the first-dimension separation of 2-DE [48]. 
Since only those proteins which focus within the narrow 
range will enter the second dimension of separation, a 
much higher Sample loading within the desired range is 
possible. This, in turn, can lead to the visualization and 
identification of less abundant proteins. 
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Figure d. Calculated codon bias values for yeast proteins. (A) Distribu- 
tion of calculated values for the entire yeast proteome. (B) Distribu- 
tion of calculated values for the subset of 80 identified proteins also 
shown in Figs. I and 5. Further details of experimental procedures are 
included in S. P. Gygi et at. (submitted). 



4 Utility of proteome analysis for biological 
research 

For the success of proteomics as a mainstream approach 
to the analysis of biological systems it is essential to 
define how proteome analysis and biological research 
projects intersect. Without a clear plan for the implemen- 
tation of proteome-type approaches into biological re- 
search projects the full impact of the technology can not 
be realized. The literature indicates that proteome anal- 
ysis is used both as a database/data archive, and as a bio- 
logical assay or biological research tool. 

4.1 The proteome as a database 

The use of proteomics as a database or data archive 
essentially entails an attempt to identify all the proteins 
in a cell or species and to annotate each protein with the 
known biological information that is relevant for each 
protein. The level of annotation can, of course, be exten- 
sive. The most common implementation of this idea is 
the separation of proteins by high resolution 2-DE, the 
identification of each detected protein spot and the 
annotation of the protein spots in a 2-DE gel database 
format. This approach is complicated by the fact that it is 
difficult to precisely define a proteome and to decide 
which proteome should be represented in the database. 
In contrast to the genome of a species, which is essen- 
tially static, the proteome is highly dynamic. Processes 
such as differentiation, cell activation and disease can all 
significantly change the proteome of a species. This is 
illustrated in Fig. 7. The figure shows two high-resolu- 
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tion 2-DE maps of proteins isolated from rat serum. :y 
Fig. 7 A is from the serum of normal rats, while Fig. 7B 
is from the serum of rats in acute-phase serum after 
prior treatment with an inflammation-causing agent [49]. 
It is obvious that the. protein patterns are significantly 
different in several areas, raising the question of exactly 
which proteome is being described. 

Therefore, a comprehensive proteome database of a spe- ; 
cies or cell type needs to contain all of the parameters 
which describe the state and the type of the cells from 
which the proteins were extracted as well as the software 
tools to search the database with queries which reflect 
the dynamics of biological systems. A comprehensive 
proteome database should be capable of quantitatively 
describing the fate of each protein if specific systems 
and pathways are activated in the cell. Specifically, the 
quantity, the degree of modification, the subcellular loca- 
tion and the nature of molecules specifically interacting 
with a protein as welt as the rate of change of these 
variables should be described. Using these admittedly 
stringent criteria, there is currently no comlete proteome 
database. A number of such databases are, however, in 
the process of being constructed. The most advanced 
among them, in our opinion, are the yeast protein data- 
base YPD [50] (accessible at http://www.ypd.com) and 
the human 2D -PAGE databases of the Danish Centre 
for Human Genome Research [12] (accessible at http:// 
biobase.dk/cgi-bin/celis). While neither can be con- 
sidered complete as not all of the potential gene pro- 
ducts are identified, both contain extensive annotation 
of supplemental information for many of the spots 
which are positively identified in reference samples. 

4.2 The proteome as a biological assay 

The use of proteome analysis as a biological assay or 
research tool represents an alternative approach to inte- 
grating biology with proteomics. To investigate the state 
of a system, samples are subjected to a specific proceess 
that allows the quantitative or qualitative measurement 
of some of the variables which describe the system. In 
typical biochemical assays one variable (e.g., enzyme 
activity) of a single component (e.g., a particular en- 
zyme) is measured. Using proteomics as an assay, mul- 
tiple variables (e.g., expression level, rate of synthesis, 
phosphorylation state, etc.) are measured concurrently 
on many (ideally all) of the proteins in a sample. The 
use of proteomics as an assay is a less far-reaching prop- 
osition than the construction of a comprehensive pro- 
teome database. It does, however, represent a pragmatic 
approach which can be adapted to investigate specific 
systems and pathways, as long as the interpretation of 
the results takes into account that with current technol- 
ogy not all of the variables which describe the system 
can be observed (see Section 3.4). 

A common implementation of proteome analysis as a 
biological assay is when a 2-DE protein pattern gener- 
ated from the analysis of an experimental sample is 
compared to an array of reference patterns representing 
" different states of the system under investigation. The 
state of the experimental system at the time the sample 
was generated is therefore determined by the quantita- 
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live comparative analysis of hundreds to a few thousand 
proteins. Comparative analysis of the 2-DE patterns fur- 
thermore highlights quantitative and qualitative differ- 
ences in the protein profiles which correlate with the 
state of the system. For this type of analysis it is not 
essential that all the proteins are identified or even visu- 
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alized, although the results become more informative as 
more proteins are compared. It is obvious, however, that 
the possibility to identify any protein deemed character- 
istic for a particular state dramatically enhances this 
approach by opening up new avenues for experimenta- 
tion. 





Figure 7. High resolution 2-DE map of proteins isolated from rat serum with or without prior exposure lo an inflam- 
mation-causing agent. (A) normal rat serum, (B) acute-phase serum from rats which had previously been exposed to 
an inflammation-causing agent. The first dimension of separation is an IPG from pH 4-10, and the second dimen- 
sion is a 7.5— 17.5%T gradient SDS-PAGE gel. Proteins were visualized by staining with amido black. Further details 
of experimental procedures are included in [14, 49|. 
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Proteome analysis as a biological assay has been success- 
fully used in the field of toxicology, to characterize 
disease states or to study differential activation of cells. 
The approach is limited, of course, by the fact that only 
the visible protein spots are included in the assay, and it 
is well known that a substantial but far from complete 
fraction of cellular proteins are detected if a total cell 
lysate is separated by 2-DE. Proteins may not be 
detected in 2-DE gels because they are not abundant 
enough to be visualized by the detection method used, 
because they do not migrate within the boundaries (size, 
p/) resolved by the gel, because they are not soluble 
under the conditions used, or for other reasons. 

A different way to use proteome analysis as a biological 
assay to define the state of a biological system is to take 
advantage of the wealth of information contained in 
2-DE protein patterns. 2-DE is referred to as two-dimen- 
sional because of the electrophoretic mobility and the 
isoelectric points which define the position of each pro- 
tein in a 2-DE pattern. In addition to the two dimen- 
sions used to generate the protein patterns, a number of 
additional data dimensions are contained in the protein 
patterns. Some of these dimensions such as protein 
expression level, phosphorylation state, subcellular loca- 
tion, association with other proteins, rate of synthesis or 
degradation indicate the activity state of a protein or a 
biological system. Comparative analysis of 2-DE protein 
patterns representing different states is therefore ideally 
suited for the detection, identification and analysis of 
suitable markers. Once again it must be emphasized that 
in this type of experiment only a fraction of the cellular 
proteins is analyzed. Since many regulatory proteins are 
of low abundance, this limitation is a concern, particu- 
larly in cases in which regulatory pathways are being 
investigated. 

5 Concluding remarks 

In this report we have addressed three main issues 
related to proteome analysis. First, we have discussed 
the rationale for studying proteomes. Second, we have 
assessed the technical feasibility of analyzing proteomes 
and described current proteome technology, and third, 
we have analyzed the utility of proteome analysis for bio- 
logical research. It is apparent that proteome analysis is 
an essential tool in the analysis of biological systems. 
The multi-level control of protein synthesis and degrada- 
tion in cells means that only the direct analysis of 
mature protein products can reveal their correct identi- 
ties, their relevant state of modification and/or associa- 
tion and their amounts. Recently developed methods 
have enabled the identification of proteins at ever- 
increasing sensitivity levels and at a high level of auto- 
mation of the analytical processes. A number of tech- 
nical challenges, however, remain. While it is currently 
possible to identify essentially any protein spots that can 
be visualized by common staining methods, it is ap- 
parent that without prior enrichment only a relatively 
small and highly selected population of long-lived, 
highly expressed proteins is observed. There are many 
more proteins in a given cell which are not visualized by 
such methods. Frequently it is the low abundance pro- 
teins that execute key regulatory functions. 



We have outlined the two principal ways proteome anal- 
ysis is currently being used to intersect with biological 
research projects: the proteome as a database or data 
archive and proteome analysis as a biological assay. Both 
approaches have in common that at present they are con- 
ceptually and technically limited. Current proteome data- 
bases typically are limited to one celt type and one state 
of a cell and therefore do not account for the dynamics 
of biological systems. The use of proteome analysis as a 
biological assay can provide a wealth of information, but 
it is limited to the proteins detected and is therefore not 
truly proteome-wide. These limitations in proteomics are 
to a large extent a reflection of the fact that proteins in 
their fully processed form cannot easily be amplified and 
are therefore difficult to isolate in amounts sufficient for 
analysis or experimentation. The fact that to date no 
complete proteome has been described further attests to 
these difficulties. With continued rapid progress in pro- 
tein analysis technology, however, we anticipate that the 
goal of complete proteome analysis will eventually 
become attainable. 
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Hlqh-throughput technologies, such as proteomic screening and DNA micro-arrays, produce vast 
amounts of data requiring comprehensive analytical methods to decipher the biologically relevant 
results One approach would be to manually search the biomedical literature; however, this would be 
an arduous task. We developed an automated literature-mining tool, termed MedGene, which 
comprehensively summarizes and estimates the relative strengths of all human gene-disease 
relationships in Medline. Using MedGene, we analyzed a novel micro-array expression dataset 
comparing breast cancer and normal breast tissue in the context of existing knowledge. We found no 
correlation between the strength of the literature association and the magnitude of the difference in 
expression level when considering changes as high as 5-fold; however, a signincant correlation was 
observed (r = 0.41; p = 0.05) among genes showing an expression difference of 10-fold or more. 
Interestingly, this only held true for estrogen receptor (ER) positive tumors, not ER negative. MedGene 
identified a set of relatively understudied, yet highly expressed genes in ER negative tumors worthy of 
further examination. 

Keywords: blolnformatlcs • micro-array • text mining . gene-disease association . breast cancer 



Introduction 

At its current pace, the accumulation of biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, e.g.. 
breast cancer, a researcher would have had to scan 130 different 
Journals and read 27 papers per day in 1999. 1 This problem is 
accentuated with high-throughput technologies such as DNA 
micro-arrays and proteomics. which require the analysis of 
large datasets involving thousands of genes, many of which are 
unfamiliar to a particular researcher. In any mlcroarray experi- 
ment thousands of genes may demonstrate statistically sig- 
nificant expression changes, but onty a fraction of these may 
be relevant to the study. The ability to interpret these datasets 
would be enhanced if they could be compared to a compre- 
hensive summary of what is known about all genes. Thus, there 
is a need to summarize existing knowledge In a format that 
allows for the rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem is to compile structured digital 
resources, such as the Breast Cancer Gene Database 1 and the 
Tumor Gene Database. 2 However, as these resources are hand- 
curated. the labor-intensive review process becomes a rate- 
limiting step in the growth of the database. As a result, these 
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databases have a limited scale and the genes are not selected 
in a systematic fashion. 

An alternative approach Is automated text mining; a method 
which involves automated information extraction by searching 
documents for text strings and analyzing their frequency and 
context. This approach has been used successfully in several 
instances for biological applications. In most cases, it has been 
applied to extract information about the relationships or 
Interactions that proteins or genes have with one another. In 
the literature or by functional annotation. 3 - 7 Thus far. few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-Iratxeta et al. 
automatically examined the GO (Gene Ontology) annotation 
of genes and their predicted chromosomal locations in order 
to identify genes linked to Inherited disorders.* 

To obtain a more global understanding of disease develop- 
ment it would be valuable to Incorporate Information regarding 
all possible gene-disease relationships, including biochemical, 
physiological, pharmacological, epidemiological, as well as 
genetic. This information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge in the literature. This would accomplish two things. 
First, it would serve to validate experiments by demonstrating 
that known responses occur as predicted. Second, it would 
rapidly highlight which genes are corroborated by the literature 
and which genes are novel in a given context. We have utilized 
a computational approach to literature mining to produce a 
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comprehensive set of gene-disease relationships. In addition, 
we have developed a novel approach to assess the strength of 
each association based on the frequency of citation and co- 
citation. We applied this tool to help interpret the data from a 
large micro-array gene expression experiment comparing 
normal and cancerous breast tissue. 



Methods 

MedGene Database. MedGene Is a relational database, stor- 
ing disease and gene Information from NCBI. text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user interface for users to 
query the database (http://rUpseq.med.riaivard.edu/MedGene/). 

Text Mining Algorithms. MeSH files were downloaded from 
the MeSH web site at NLM (Nation Library of Medicine) (http:// 
www.nIm.nih.gov/mesh/meshhome.htmI) and human disease 
categories were selected. LocusUnk files were downloaded from 
the LocusUnk web site at NCBI (http://www.ncbi.nih.gov/ 
LocusUnk/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, all 
relevant annotations and URLs for each LocusUnk record, were 
collected. Gene search terms were used for literature searching 
and included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to Index Medline records. If the official/preferred gene symbols 
did not meet the standards to be an index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to July. 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the tides and 
abstracts for gene search terms and then to Index the gene- 
related Medline records with the relevant primary gene key(s). 

Statistical Methods. For every gene and disease pair, we 
counted records that were Indexed for both gene and disease 
(double positive hits), for disease only (disease single hits), for 
gene only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 contingency table. 
On the basis of the contingency table-framework, we applied 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
included chi-square analysis, Fisher s exact probabilities, rela- 
tive risk of gene, and relative risk of disease 16 (http:// 
hipseq.mediiarvard.edu/MedGene/). In addition, we computed 
the "product of frequency", which is the product of the 
proportion of disease/gene double hits to disease single hits 
and the proportion of disease/gene double hits to gene single 
hits. To obtain a normal distribution, we transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold change in 
expression level. 

Global Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the "Cluster" software and the 
clustering result was visualized using "TreeViewer" (http:// 
rana.lbl.gov/ElsenSoftware.htm) . 
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Breast Tissue Micro- Arrays. Eighty-nine breast cancer 
samples (79% ER-positive) and 7 normal breast tissue samples 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types, grades, and hormone receptor immuno-pheno- 
types of breast cancer. Blotinyiated cRNA, generated from the 
total RNA extracted from the bulk tumor, was hybridized to 
Affymetrix U95A oligo-nucleotide micro-arrays. These micro- 
arrays consist of 12 400 probes, which represent approximately 
9000 genes. Raw expression values were obtained using GENE- 
CHIP software from Affymetrix, and then further analyzed using 
the DNA-Chip Analyzer (dChlp) custom software. 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations in the literature, 
we first compiled complete lists for human diseases and human 
genes. To index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) index 
of Medline records was utilized. MeSH is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that are arranged in both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance. 910 Twenty-three human disease category 
headings along with all of their child terms (see the Supporting 
Information. Supplemental Table I, or visit http://hlpseq. 
med.r^rvard.edu/MedGene/publication/s_Table l.html) were 
selected from the 2002 MeSH index creating a list of 4033 
human diseases. 

No Index comparable to the MeSH index exists for genes, 
and thus, it was necessary to apply a string search algorithm 
for gene names or symbols found In Medline text A complete 
list of genes, gene names, gene symbols, and frequently used 
synonyms were collected from the LocusUnk database at 
NCBI. 11 12 which contains 53 259 independent records keyed 
by an official gene symbol or name (June 18 th , 2002). For the 
purposes of this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of Italics, if at all. 
For the Intended use of this study, this lack of distinction Is 
unlikely to have a large effect and may In fact be beneficial. 

Initial attempts to search the literature using these lists 
revealed several sources of false positives and false negatives 
fTable I). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development of filters 
to reduce these errors. The syntax issues were readily handled 
by including alternate syntax forms in the search terms. The 
false positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced Inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some 
genes. 

For the purposes of data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found in the title or 
abstract. Case-insensitive string mapping was used for all 
searches except as noted above. No additional weight was 
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Table 1. Systematic Sources of False Positives and False Negatives in Unfiltered Data' 



research articles 



source of error 

gene symbol/name 
Is not unique 



gene symbol Is 

unrelated abbreviation 
gene symbol/name 

has language meaning 
nonstandard syntax 
unofficial gene name/symbol 
nonspecined gene name 



error type 
false positive 

false positive 

false positive 

false negative 
raise negative 
false negative 



example 

MAG-myelin 

associated glycoprotein 
MACrmaUgnancy-assodated 

protein 

PA— pallid homologue (mouse). 

pallldln (also abbrev. for Pennsylvania) 
W4S-Wlskott-Aldrich Syndrome 

(also the word "was") 
BAG- 1 instead of BACl 
PS3 Instead of TP53 
estrogen receptor instead of 

Estrogen receptor 1 



^^^^11^^^ sensitivity, at the expense of specificity if needed. 

added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene key. 

Medline records were searched with all qualified gene 
identifiers, such as the official/preferred gene symbol, the 
official/preferred gene name, all gene nicknames and all syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name, e.g.. estrogen receptor Instead of 
estrogen receptor 1 (ES/W). creating a source of false negatives. 
For this reason, gene family stem terms were created for all 
senes that have an alpha or numerical suffix (e.g.. IL2RA, TGFp, 
ESR1, etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that it would be dear when linkages were made to 
the gene family versus a specific member in that family. 

To improve performance and accuracy, some pre-selection 
was applied to the records that were scanned. First, review 
articles were eliminated to avoid redundant treatment of 
citations. Second. non-English Journals were removed because 
the natural language filters were only relevant to English 
publications. Finally, journals unlikely to contain primary data 
about gene-disease relationships were also removed (e.g.. Int. 
/ Health fduc. BedWoV? Nurse, and ], Health Econ). Together, 
these filters reduced the 12 198 221 Medline publications (July 

2002) by 37%. _ 

Ranking the Relative Strengths of Gene-Disease Associa- 
tions. In total, there were 618 708 gene-disease co-cltatlons. 
in which 16% (8297) or all studied genes had been associated 
to a disease and 96% (3875) of all diseases had been associated 
to at least one gene. To rank the relative strengths of gene 
dlse ase relationships, we tested several different statistical 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing the results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because it gave the best results overall. 

Validation of MedGene. In developing this tool it was 
important to minimize the number of missed genes (false 
negatives) and miscalled genes (false positives). However, in 
situations when these goals were in conflict, inclusiveness was 
prioritized. To determine the false negative rate in MedGene. 
breast cancer was used as a test case because it was associated 
with more genes than any other human disease and because 



filter solution 
eliminate this term 

eliminate this term 

case-sensitive string search 

add dash term 

add all gene nicknames 

add family stem term 



evaluated to Identify error sources that 
relationships that are not real and 
i. the filter solution Itself Introduces 




Figure 1. Estimation of the false negative rate by comparison 
with hand-curated databases. The breast cancer-related genes 
identified by MedGene were compared with those listed In 
several other databases Including the Tumor Gene Database 
(TGD). 2 the Breast Cancer Gene Database(BCG). 1 GeneCards 
(GC) 17 and Swlssprot. 18 Genes were considered false negatives 
if they were represented in at least one of these other databases 
and not In MedGene and their link to breast cancer was sup- 
ported by at least one literature reference. All literature references 
were verified by manual review to confirm their validity. The 
number of genes In each database or shared by more than one 
database Is Indicated. The false negative rate was calculated by 
genes missed at MedGene (26)ftotal number of nonoverlapplng 
genes in other databases (285). 

there were several public databases that link genes to breast 
cancer. We compared the list of breast cancer-related genes 
from MedGene to these databases, illustrated in Figure 1. 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation in these hand- 
curated databases. 26 were absent from MedGene. suggesting 
a false negative rate of approximately 9%. To determine why 
these were missed, all literature references for these genes (80 
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papers) were reviewed manually (see the Supporting Informa- 
tion, Supplemental Table 2, or visit http://hipseq.med. 
harvard.edu/MedGene/publicatlon/s_Table 2.html). Among 
these papers, most false negatives were caused by nonstandard 
gene terms or gene terms eliminated by our specificity filters. 
Few genes were missed because they were only mentioned In 
review papers (0.4%) or they appeared only In the body of the 
manuscript but not the abstract or title (1.1%). Of note, 
MedGene Identified approximately 2000 additional breast 
cancer-related genes not listed In any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a global examination of 1000 diseases. The detailed approach 
examined the false positive error rate and Its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF. 1467 genes related to prostate cancer were 
assembled In rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 100 and the lowest 
ranked 200 genes and manually reviewed the tides and 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes fell Into one of the five 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information. Supplemental Table 3. or visit 
http://hlpseq.med.harvard.edu/MedGene/publlcation/ 
s Table 3.html). Among the lowest ranked 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed, there were only two in which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gene or protein was not shown to be 
related to human prostate cancer. 1114 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted in most of the false positives (see the Supporting 
Information. Supplemental Table 4, or visit http://hlpse- 
q.med.harvard.edu/MedGene/pubHcation/s.Table 4.html), em- 
phasizing the importance of the filters that were added in the 
search algorithm (Table 1). Without the filters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESRJ and 10 to ESR2, whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESR1 or ESF&. 
this latter group was detected by the family stem term filter. 

To further validate these results, a global analysis of the gene- 
disease relationships described by MedGene was performed. 
For this experiment, it was reasoned that the more closely 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus, if the relationships defined 
by MedGene accurately reflected the literature, then an unsu- 
pervised hierarchical clustering of the gene data should group 
diseases in a manner consistent with common medical think- 
ing. Conversely, if the clustered diseases do not make sense 
biologically or medically, it may reflect excessive false positives, 
false negatives, or Inappropriate scoring of the data. 

To execute this experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a dataset for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were Indeed logical based upon 
common medical knowledge (see the Supporting Information, 
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Supplemental Figure 1, or visit httpy/hipseq.meti.harvard.e<lu/ 
MedGene/pubUcation/s.Figure l.htmi). For example. In one 
such cluster shown in Figure 2. diabetes and its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a given disease can 
be estimated by adjusting the MedGene number up by the false 
negative rate (-9%) and down by the false positive rate (-26% 
on average). Using this, the average disease has 103.7 ± 45.3 
(mean ± s.d.) genes associated with it although the rdnge Is 
quite broad with 2359 genes related to breast cancer. 2122 
genes related to lung cancer and no genes related to a number 
of diseases. 

Applying MedGene to the Analysis of Large Datasets. Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment. We compared the MedGene 
breast cancer gene list to a gene expression data set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis Identified 
2286 genes that had greater than a I -fold difference in mean 
expression level between breast cancer samples and normal 
breast samples. Using MedGene. we sorted the 2286 genes into 
four classes: 555 genes directly linked to breast cancer In the 
literature by gene term search (first-degree association by gene 
name); 328 genes directly linked by family term search (first- 
degree association by family term); 1021 genes linked to breast 
cancer only through other breast cancer genes (second-degree 
association); and 505 genes not previously associated with 
breast cancer. (See the Supporting Information. Supplemental 
Figure 2. or visit http://hlpseq.med.harvard.edu/MedGene/ 
pubUcation/sJ ? lgure 2.html.) Among the 505 previously un- 
related genes. 467 were either newry identified genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes. 9 had been related to other 
cancers, specifically esophageal, coloa uterine, skin, and cervix. 

To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer in the literature, we created a two-dimensional 
plot of the fold change of expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than 1-fold change (68%) to over 40-fold (0.3%). Notably, 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer in the 
literature, there was no correlation between LPF and micro- 
array fold change (r= 0.018. />value = 0.62), However, when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an increasing trend in correlation (Figure 
3B) suggesting that genes with a more substantial change in 
expression level were more likely to have a stronger association 
in the literature. For genes that had 10-fold change or more in 
expression level, the correlation increased to 0.41 (p-value = 
0.05). 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend in correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend in correlation for ER positive tumors, but no trend in 
correlation for ER negative tumors. 
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Diabetic Ketoacidosis 
Glucose Intolerance 

Diabetes Mallitus* Non- Insulin- Dependent 

Diabetes Mellltua, Insulin-Dependent 

Pregnancy in Diabetics 

Diabetic Retinopathy 

Diabetic Angiopathies 

Diabetic Neuropathies 

Glycosuria 

Byperlnsulinisn 

Hyper lnsul inemia 

Hypoglycemia 

Hyperglycemia 

Diabetes Mellltua, Experimental 
Diabetes Mellitus 
Diabetes, Gestational 




""fflEa1rva£f6n *" 
Jaundice, Neonatal 
Brain Edema 
Pulmonary Edema 
Nutrition Disorders 
Kwashiorkor 
Critical Illness 
Burns 

Diabetic Nephropathies 

Albuminuria 

Insulinoma 




Figure 2. Global validation by clustering analysis. 2(A). The gene sets and the corresponding LPF values for *J 
at least 50 gene relationships, were used in an unsupervised clustering of the diseases based on the gene patterns "M***"^ 
mem A sarnie of me data is shown here. 2(B). One of the resulting clusters is shown that corresponds to blood sugar states. Wabetes 
Jrmsfa^Se in3 and starvation states terms (under the line) clustered together. Within these groups ^^.^^ 
diabetic srr^li Vessel complications, altered serum chemistries, nutritional disorders. etc.(Supplementai Figure 1: httpV/h.pseq.med. 
harvard.edu/MedGene/publicaUon/s_Figure 1 .html). 



Finally, to validate our findings, we computed similar cor- 
relations between the breast cancer expression data and 
LPF scores generated by MedGene for hypertension, a 



disease unrelated to breast cancer. As expected, we did not 
observe an increasing trend in correlation for hyperten- 
sion. 
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estrogen receptor negative tumors only (purple). 
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Table 2. Top 25 Genes Related to Selected Human Diseases* 

breast neoplasms hypertension rt^matold arthritis 



estrogen receptor 
PGR 
ERBB2 
BRCA1 
BRCA2 
EGFR 
CYP19 
TFF1 
PSEN2 
TP53 

CES3 
CEACAM5 

ERBB3 
cyclin 
COX5A 
cathepsln 
ERBB4 

TRAM 

CCND1 
EGF 
MUC1 

Insulln-Uke 
BCL2 

mucin 
FGF3 



REN 
DBF 
LEP 
ACT 
INS 

kallikrein 
ACE 

endothelin 

S100A6 

BDK 

DIANPH 
SARI 

PIH 

CD59 

ALB 

CYP11B2 
MAT2B 
angiotensin 
receptor 

AGTR2 

NPPA 

LVM 

DBH 
NPY 

POMC 
neuropeptide 



RA 

TNFRSF10A 
CRP 
AS 
ESR1 

HLA-DRBl 
DR1 

Interleukin 

TNF 

IL6 

collagen 
ILIA 

ACR 

TNFRSF12 
H2 

CHI3U 
IL8 

Interleukin 1 
matrix 

metalloprotelnase 

Interferon 

CD68 

IL4 
IU7 

MMP3 
SH 



bipolar disorder 

ERDAi 
SNAP29 
PFKL 
DRD2 
TRH 
IMPA2 
HTR3A 
DRD3 
REM 
KCNN3 

DRD4 
HTR2C 

RELN 
DBH 
MAOA 

com 

HTR2A 
SYNJ1 

INPPl 

NEDD4L 

FRA13C 

transducer of 

ERBB2 

BAIAP3 

ATP1B3 
DRDS 



research articles 



atherosclerosis 

apoUpoprotein 
APOE 
LDLR 
ELN 
ARCi 
APOB 
AP0A1 
MSR1 
LPL 
PON1 

plasminogen 
activator inhibitor 
PLC 

vascular cell 

adhesion molecule 

ATOH1 

VWF 

INS 

ARC2 

ABCA1 

OLR1 

collagen 

MCP 

lipoprotein 
APOA2 
intercellular 
adhesion molecule 
RAB27A 



MedGene/). 



Discussion 

The Human Genome Project heralded a new era in biological 
research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. High-throughput technologies can 
provide novel insight into comprehensive biological function 
but also introduces new challenges. The utility of these 
technologies is limited to the ability to generate, analyze, and 
interpret large gene lists. MedGene. a relational database 
derived by mining the Information in Medline, was created to 
address this need. MedGene users can query for a rank-ordered 
list of human gene-disease relationships (Table 2) for one or 
more diseases. Each entry is hyperllnked to the original papers 
supporting each association and to other relevant databases. 

MedGene is an innovative extension of previous text mining 
approaches. Perez-Iratxeta et al. used the GO annotation and 
their chromosomal locations to predict genes that may con- 
tribute to inherited disorders." MedGene takes a broader view 
and includes all diseases and aU possible gene-disease relation- 
ships. Furthermore. MedGene utilizes co-citation to Indicate a 
relationship rather than GO annotation, which is limited to the 
subset of genes that have GO annotation. Our approach is 
complementary to that taken by Chaussabel and Sher who 
used the frequency of co-cited terms to cluster genes Into a 
hierarchy of gene-gene relationships. 6 

A unique aspect of this tool Is the ability to assess the relative 
strengths of gene-disease relationships based on the frequency 
of both co-citatlon and single citation. This presupposes that 
most co-citations describe a positive association, often referred 
to as publication bias 15 and is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
http://hipseq.med.harvard.edu/MedGene/publicatlori/s_Ta- 

ble 3.html). Of course, relationships established by frequency 
of co-citation do not necessarily represent a true biological link; 
however. It. Is strong evidence to support a true relationship. 

Another Important feature of MedGene is the implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were missed 
and at least 70% of even the weakest associations were real. 
For this study, ail of the filters that we applied were general 
ones. e.g.. expanding the list of all gene names to address the 
different syntax forms used by different Journals, eliminating 
gene names that correspond to common English words, etc. 
The majority of the remaining search term ambiguities were 
idiosyncratic and difficult to identify systematically without 
causing a significant rise in false negatives. Alternative ap- 
proaches, such as the examination of . the nearest neighbor 
terms, need to be considered to further reduce the false positive 
rate. 

It is not uncommon to see expression changes in micro- 
array experiments as small as 2-fold reported in the literature. 
Even when these expression changes are statistically significant, 
it is not always clear if they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear in the altered expression group. MedGene provided a 
unique opportunity to test this notion In the context of existing 
knowledge on a novel breast cancer micro-array dataset. For 
genes displaying a 5-fold change or less in tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role in the disease. This 
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Table 3. Genes with Large Expression Changes in ER- but 
Not In ER+ Breast Tumors 



gene symbol 



fold change (ER+) 



fold change (ER-) 



1.0 


DXU.O 


1.2 


HQ 4 


1.2 


RQ ft 


1.9 




1.0 




2.6 


*M 7 


1.0 




4.0 


77 Q 


3.8 




4.7 


1ft fi 


1.0 




1.6 


14 A 


—1.0 


IOC 


4.2 


i** n 

1 J.U 


4.4 


17 Q 

lb.? 


-1.2 




2.9 


19 9 

16.6 


1.0 


1 1 fi 

1 1.5 


4.0 


1 1.0 


-4.3 


11.1 


2.9 


iu.y 


3.0 


10.2 


4.6 


. IA 1 

10.2 


1.0 


in n 


-1.3 


-10.4 


-1.1 


-10.8 


1.3 


-11.4 


-4.1 


-15.7 


1.1 


-16.2 


-4.6 


-22.3 


-1.1 


-36.8 


-2.8 


-51.5 


-1.4 


-64.9 


-1.0 


-83.1 


-1.6 


-85.9 


2.4 


-150.3 



KRTHB1 
BRS3 
DKK1 
ZIC1 
TLR1 
KIAA0680 
CDKN3 
EBB 
GZMB 
STK18 
GPR49 

mow 

LAD1 
POLE2 
HMG4 
BCL2L11 
LRP8 
CCNB2 
CCNE2 
FOB 
KNSL6 
H1F5 
SERPINH2 
YAPJ 
LPHB 
TCEA2 
TFF1 
COL17A1 
POPS 
BPAC1 
PDZK1 
VEGFC 
MUC6 
SERPWA5 
MEIS1 
CA12 

Table 3 MedGene identified a set of relatively understudied, yet highly 
oJ^doHwlnER negative, but not ER positive breast tumors. All of 
SSS^ el^^SeTbeen co-cttedS* breast cancer or have a 
weak association except those marked with an . 

reflects the many genes whose role In breast cancer may not 
involve large changes In expression In sporadic tumors (e.g.. 
BRCAI and BRCA2) and genes whose modest changes in 
expression may be unrelated to the disease. Strikingly, among 
genes with a 10-fold change or more In expression level, there 
was a strong and significant correlation between expression 
level and a published role in the disease, providing the first 
global validation of the micro-array approach to identifying 
disease-specific genes. 

The results derived from MedGene have two implications. 
First a careful hunt for corroborating evidence of a role in 
breast cancer should precede any further study of genes with 
less than 5-fold expression level changes. Second, any genes 
with 10-fold changes or more are likely to be related to breast 
cancer and warrant attention. It is likely that this threshold will 
change depending on the disease as well as the experiment. 

Interestingly, the observed correlation was only found among 
ER-positive tumors, not ER-negative. This may reflect a bias 
in the literature to study the more prevalent type of tumor in 
the population. Furthermore, this emphasizes that caution 
must be taken when Interpreting experiments that may contain 
subpopulations that behave very differently. The MedGene 
approach identified a set of relatively understudied, yet highly 
expressed genes In ER-negative tumors that are worthy of 
further examination (Table 3). 
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In conclusion, we have developed an automated method of 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulting database is the most comprehen- 
sive and accurate of its kind. By generating a score that reflects 
the strength of the association, it provides an important tool 
for the rapid and flexible analysis of large datasets from various 
high-throughput screening experiments. Furthermore. lt*can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future, it will be possible to enhance the 
utility of the MedGene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 
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Although the mature neutrophil Is one of 
the better characterized mammalian cell 
types, the mechanisms of myeloid differ* 
entlatiort are Incompletely understood at 
the molecular level. A mouse promyelo- 
cyte cell line (MPRO) t derived from mu- 
rine bone marrow celts and arrested devet- 
opmentally by a dominant-negative 
rctinolc acid receptor, morphologically 
differentiates to mature neutrophils in the 
presence of 10 nM retfnoic actd. An exten- 

Introduction 



slve catalog was prepared of the gene 
expression changes that occur during 
morphologic maturation. To do this, V- 
end differential display, oligonucleotide 
chip array hybridization, and 2-dImen- 
slonal protein electrophoresis were used. 
A large number of genes whose mRNA 
levels are modulated during differentia- 
tion of MPRO cells were Identified. The 
results suggest the Involvement of sev- 
eral transcription regulatory factors not 



previously Implicated In this process, but 
they also emphasize the importance of 
events other than the production of new 
transcription factors. Furthermore, gene 
expression patterns were compared at 
the level of mRNA and protein, and the 
correlation between 2 parameters was 
studied. (Blood. 2001;98:513-524) 
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Studies of normal myeloid maturation firom many laboratories have 
identified genes that may play critical roles in myeloid differentia- 
tion. M Current studies suggest that these events are dependent on a 
cascade of molecular changes that involve complex modulation of 
mRNA transcription. Furthermore, studies of acute leukemia have 
suggested that the disease arises from the accumulation of myeloid 
precursors arrested at early stages of differentiation and associated, 
in many cases, widi chromosomal rearrangements that alter the 
structure of specific transcription factors. 5 Nevertheless, the molecu- 
lar events underlying the production of mature myeloid celts arc 
not well understood and appear to use interacting pathways and 
networks, the elucidation of which requires an extensive descrip- 
tion of the molecular components available to the myeloid cell. 

An extensive body of information is accumulating with respect 
to gene expression profiles of mammalian cells. However, much of 
the information available in public databases has been accumulated 
by the use of techniques such as single oligonucleotide chips or 
cDNA arrays that measure fewer than 6000 of potentially 30 000 to 
1 20 000 transcripts. The more limited range of analyses reported by 
the serial analysis of gene expression (SAGE) 6 - 7 technique accu- 
rately estimates changes in levels of the more abundant mRN As hut 
requires extensive redundant analyses to measure changes in the 
patterns of expression of scarce mRNAs. We have used a modified 
polymerase chain reaction (PCR)-based cDNA differential display 
(DD) method in which single restriction fragments derived from 
the 3' end of cDNAs are separated on a sequencing gel 8 . 9 Bands 
from the gel can be identified initially by sequencing, but then 



comparison ofpattcrns from different samples can be made without 
further sequencing. This sensitive and reproducible method detects, 
in principle, most cDNAs regardless of whether they arc repre- 
sented in existing databases. 

Systematic analysis of the function of genes can also be 
performed at the protein level This approach has the advantage of 
being closest to function, because proteins perform most of the 
reactions necessary for the cell. The most common method of 
protcome analysis is the combination of 2-dimensional gel clcctro- 
phoresis (2DE) to separate and visualize protein and mass spectrom- 
etry (MS) for protein identification. Several such analyses of 
yeast and of normal or malignant mammalian cells have been 
performed. To date, however, there have been few studies in which 
both mRNA and protein have been compared by applying analyses 
to the same samples. The studies of Anderson 11 and Gygi 12 showed 
that there is not a good correlation between mRNA and protein 
levels, in yeast or human liver ceils. However, odier analyses 
disagree with this conclusion (Grcenbaum et al, manuscript 
submitted, and Futcher ct al w ). Furthermore, global correlations 
between changes in mRNA and protein levels have not been 
examined during the execution of any developmental program. 

The MPRO cell line was derived by transduction of a dominant- 
negative retinoic acid receptor construct into normal mouse bone 
marrow cells. It is a granulocyte-macrophage colony-stimulating 
factor (GM-CSF)-dependent line arrested at a promyelocyte stage 
of development 15 - 16 After treatment with olX-trans retinoic acid 
(ATRA) most of the cells acquire the morphology of mature 
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neutrophils and begin lo produce neutrophil lactoferrin and gelati- 
nise, 2 proteins characteristic of neutrophil secondary granules.' 7 
As such, it offers a valuable model for studying neutrophil 
differentiation in vitro. 

We now report the analysis of mRNA expression changes 
during the process of MPRO cell maturation to neutrophils and 
compare the results with a limited analysis of cellular protein 
composition. mRNA expression changes were studied by combin- 
ing the use of oligonucleotide arrays and DD. A database (dbMC) 
with comprehensive genomic information for myeloid differentia- 
tion program was constructed (accessible at http://www.bioinfo.mbb. 
yale.edu/cxpression/neutrophil). We have grouped the changes in 
mRNA levels of a large number of genes into 6 patterns, with 
implications for the genetic program of myeloid differentiation. 

We also compared 2-dimensiona! high-resolution gel electro- 
phoretograms from control cells and cells differentiated for 72 
hours in the presence of ATRA. Fifty protein spots whose relative 
intensity changed prominently during differentiation were exam- 
ined by mass spectrometry. The results suggest a poor correlation 
between mRNA expression and protein abundance, indicating 
that it may he difficult to extrapolate directly from individual 
mRNA changes to corresponding ones in protein levels (as 
estimated from 2DE). 



Materials and methods 
Cell lines 

MPRO cells and HM-5 cells provided by Dr Schickwann Tsai (Fred 
Hutchinson Cancer Research Center, Seattle, VTA) 15 were used throughout 
the study. The cells proliferated continuously as a GM-GSF-dependent cell 
line at 37" C in Tscoves modified Dulbecco medium (Gibco BRL, Grand 
Island, NY) supplemented with SVa to 10% fetal calf scrum (Gibco BRL) 
and 1 0% HM-5 -conditioned medium as a source of GM-CSV. Morphologic 
differentiation of the blocked MPRO promyelocyte* was i-duccd by 
treatment with 10 u.M ATRA (Sigma, St Louis, MO). Controls were 
culmrcd in the absence of ATRA hut with the same volume of ve- 
hicle (cthanol). 

RNA Isolation and differential display 

After exposure to 10 p.M ATRA for 0 t 24, 48, or 72 hours, total cellular 
RNA was isolated from MPRO cells using TRI20I reagent (Life Technolo- 
gies, Gaiihersburg, MD). cDNA was then synthesized using a T-7 Sal-Oligo 
d(T) 32 primer as described previously." tR The double-stranded cDNAwas 
digested with 1 of 9 different restriction enzymes (Apal, Bghl % Baniiil, 
Eagl, EcoRl, r/indlll, JM, Kpnl, and Sphl) and ligated to Y-shaped 
adaptors with a complementary overhang. DNA fragments were then 
amplified by PCR as described previousIy. H • ,,, PCR products were separated 
on a sequencing gel of 6% poryacrylaniide with 7 M urea. The gel was dried 
and exposed to x-ray film. Genes from differential display gels, whose 
maximum intensity chauges equaled 2+ on a scale of 1 1 to B+, were 
recorded as significantly changed. 19 individual DNA bands were recovered 
from the gels, amplified by PCR, and sequenced. 

Oligonucleotide chip analysis of RNA samples 

Ten micrograms total RNA from each sample (0, 24 1 A 8, or 72 hour?) was 
used lo prepare cDNA. This cDNA was transcribed with T7 RNA 
polymerase to prepare a fluorcsccnlly labeled probed 0 - 21 Each sample was 
hybridized to mouse array chip (MuMK Array; Aflymetxrx, Santa Clara, 
CA) containing oligonucleotide probe sets corresponding to approximately 
7000 known genes or ESTs represented by UniGcne dusters. 12 cDNAs 
were considered present if their probe set results were rated as such by the 
GcneChip software (Affymetrix) and if die average difference (AD) 
between perfect match and mismatch probe pairs was not less 100 U. If a 



gene was represented by mot e than one array probe set, the average of all 
probe seta for the gene was taken. Genes with AD values between 100 and 
200 were considered unchanged because of their low expression levels. 
Those genes with AD values equal to or more than 200 U at one rime point 
were further studied by repealing, threshold, and normalization methods 
described in the MIT Ccnicr for Genome Research Web site. 1 1 A value of 20 
was assigned to any gene with an AD below 20 at some time point- 
Bio informatics and database development 

All the sequences or gene fragments were searched using Blast against 
Genfiank and TIGR gene indices. A database of genes or ESTs whose 
expression levels changed during myeloid differentiation was constructed 
containing information for each band or gene. This included GcnBank 
matches, Locus LmV ot Unigene clusters, expression patterns, tissue 
distribution, synonym(s) protein name, gene name(s). notations of possible 
functions, poly A signal and sequence quality, and hyperlinks to the 
database searches, sequence trace files, and related references. All gene data 
were then gathered into a cluster file. Supplementary information is 
available at http://liioinfo.mbb. yale.edu/expression/neufroph it. 

Classification and analysis of DNA fragments 

Sequences from differential display analyses were classified as representing 
known genes, ESTfe, genomic sequences, or novel genes as described. 19 - 33 
Known genes from both differential display and arrays were clustered into 
27 functional categories and searched against SWISS-PROT Qatp-Jf 
www.«pa.«^.crx'.rux.ca/cgi-biii/sprot-seaich-fu]) or PIR (http://www.pjr. 
gcorgctcrwn.edu/). Information such as tunc! ion, subcellular location, 
family and super family classification, map position, similarity, synonym! s) 
protein name, gene name(s), and so on was recorded in a variety 
of databases. 

Northern blot analysis 

Thirty micrograms total cellular RNA per lane from time-course MPRO 
cells were loaded onto 1.2% formaldehydc-agarose gels, Oien transferred to 
Hybond-N+ membranes (Amcrsham Pharmacia Biotech, Uppsala, Swe- 
den). After standard nrchybridization, membranes were hybridized over- 
night at 65°C with radiolabeled cDNA probes (ordered from Research 
Genetics according io their dbEST rmagc ID). Membranes were washed at a 
final stringency of 60 e C in 0. 1 x SSC. 

Immobilized pH gradient 2-dlmenstonal get electrophoresis 
and mass spectrometry 

induced MPRO cells collected at 0 and 72 hours were lysed with lysis 
buffer (540 mg urea. 20 mg ditlitothrcitol. 20 uX Pharmalyte [3- 1 0), 1 A nig 
phenytmethylsulfonyl fluoride, I p.g each aproiitiin, leupepiin, pepstatin A, 
and anbpain 50 p.g TLCK, and 100 p.g TPCK/i mL). We applied 100 u.L 
each MPRO cell tysate (2.5 X l0 s eeUs/i00 p.L) to immobilized pH 
gradient (IPG) strips (pH 3-10 L; Amcrsham Pharmacia Biotech), and IPG 
electrophoresis was conducted for 16 hours (20 100 Vb) using ait Immobi- 
linc Drystrip Kit (Amcrsham Pharmacia Biotech). Electrophoresis in the 
second dimension was carried out in a 12% sodium dodecyl sulfate— 
pofyacrylamide gel electrophoresis (SDS-PAGE) gel with the Laemmli- 
SDS continuous system in a Protean II xi 2-D cell (Bio-Rad) run at 40 mA 
constam current tor 4:5 hours. Proteins were detected by Brilliant Blue 
G-volloida) staining. 14 Protein spots were excised from the gel and digested 
with trypsin. ACTH clip (average [M+Ifj 2466.70) and bradykinin 
(average [MfH] 1 06 1 .23) were used for calibration of peptide masses. One 
microliter sample digest was mixed with 1.0 uX a-cyano-4 -hydroxy 
cinnamic acid (4.5 mg/mLin 50% CTT 3 CN. 0.05% TFA) matrix solution and 
1 uL calibrants (100 fiuol) each. The spectra of the pepades were acquired 
in reflector/delayed extraction mode on a Vbyagcr-DE STR mass spectrcra- 
eter (Perseptive Biosystems, Foster City, CA). Peptides were identified 
using the ProFound search engine. 19 
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Results 

Differentiation of MPRO cells 

Figure 1 illustrates die morphologic- changes in an MPRO cell 
population representative of those used for RNA expression 
analysis. Undifferentiated MPRO cells resembled promyelocytes 
under the light microscope (Figure I A). After induction with ATRA 
for 24 hours, the cells morphologically differentiated into metamy- 
elocytes (Figure IB). At 48 hours, the cells further developed 
into metamyelocytes and band neutrophils (Figure IC). At 72 
hours, nearly 100% of MPRO cells became mature neutrophils 
(Figure ID). 

Identification of mRNAs by differential display assay 

MPRO cellular mRNA was analyzed at 0, 24, 48, and 72 hours after 
ATRA treatment. Nine restriction enzymes were used in a 3 '-end 
DO approach. During MPRO differentiation, 1109 fragments 
corresponding to 837 transcripts wtrre found to change substan- 
tially in expression levels (Figure 2). These represented approxi- 
mately 279 known genes, 112 ESTs, and 59 putative new genes, 
each with a perfect or fair polyadcnylation signal at an appropriate 
distance from the oligo-dT priming site. The gene information 
detected by DD was collected in database dbMCd. 

Identification of mRNAs by oligonucleotide chip assay 

We used an oligonucleotide chip containing 13 179 probe sets 
corresponding to approximately 7000 murine genes to analyze 
patterns of mRNA expression m the same RNA samples used for 
DD. The information obtained by oligonucleotide arrays was 
collected in the database dbMCa. 

We clustered the genes by their similarity to idealized 
expression patterns. For instance, the expression pattern of an 
ideal gene that is overexpresscd (high) at time 0 and undercx- 
pressed (low) at 24, 48, and 72 hours, would be high-low-low- 
low (HLLL). Overall we have (2 4 -2) idealized patterns exclud- 
ing HHHH and LLLL. Pearson correlation was used as the 




Figure 1. Morphology of MPRO cells during differentiation. MPRO cells were 
induced as described In 'Materials grid methods,* concentrated by cytospln, and 
Wright-Giemsa stained, (A) Uninduced MPRO ceils. (EJ) MPRO cells induced with 
ATRAfcr 24 hours. (C) MPRO cells Induced wttti i ATRAfor48 hours. (0) MPRO ceils 
Induced with ATRA for 72 hours. 




Figure 2. Distribution of genes obtained by DO assay. MPRO cell mRNA was 
analyzed at 0, 24, 46, and 72 hours after ATRA treatment; 1109 fragments 
corresponding to c37 transcripts were found to change substantially in expression 
levels. The total 337 transcripts were classified into 6 categories according to the 
bfoinformatlc analysis. Percentages show the gene distributions In these 6 catego- 
ries. Information for each transcript was collected In database dbMCd. 

measure of similarity of each gene expression pattern, 
* = (*!r*2>*?.,*<) to each of the 14 idealized patterns 
}' = (yuV K v 3 ju). The 4 entries of x and y corresponded to the 
4-dimensional gene expression levels at 0, 24, 48, and 72 hours, 
respectively. Each gene was assigned to a cluster labeled by the* 
idealized pattern that had the maximal correlation with thai 
gene. We selected only genes that hybridized well compared 
with the background (considered "present'* by GeneChip soft- 
ware) and had maximal AD amplitude greater than 200 U in at 
least 1 of the 4 stages. We further tabulated the 14 patterns 
according to whether the gene expression changed at early 
(tt-hour), intermediate (24- and 48-hour), and late (72-hour) 
time points and whether gene expression monotonically in- 
creased (up-regulated), monotonically decreased (down-regu- 
lated), or was not raonotonic (transient). Table 1 shows 8 
clusters of 104 genes that had significant changes of mRNA 
levels, arranged according to the temporal stage and the 
monotonic/transient changes of expression levels. 

Principal component analysis determined whether wc could 
comprehensively present multidimensional data (4-dimcnsional in 
our case) in a simple 2-dimensional graph. First, wc found the 4 
principal components, which were the axes of the most compact 
4-dimensional ellipsoid dial encompassed the 4-dimensiona! cloud 
of data. Each axis was a different linear combination of the original 
4 variables. Then we verified that the first 2 principal components 
(the first 2 largest axes of the ellipsoid) captured most (95.2%) of 
the variation of the data. Therefore, the data could he faithfully 
projected (with a minor loss of information) into a 2-dimensional 
graph, with the 2 largest principal components as the x- and y-axes. 
As shown in Figure 3, genes tend to coalesce in clusters, according 
to their labels determined by their similarity to an ideal expression 
pattern. In summary, a genomic' (global) picture of die distribution 
of genes according to their similarity to predetermined idealized 
multidimensional expression patterns is concisely displayed in a 
2-dimensional graph. 
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Table 1. Genes differentfy regulated during the different stages of mouse promyelocyte coll line differentiation process 

. : Timing 



Category 



Early 



Middle 



Up-regulatlon 
Down-regulation 


LiHHH (n = 10) 

MadP2rxi ttgb2 Mr2 Lcn2 ItprS 

Cebph H2-D Bohi6 Zyx 
HU-L(n = 11) 

Tcfg-V4 Ly64 Ctsg Spi?-1 McptS 
Myc Myb TM Npml Erh Hsp60 


LLHH fn - 6) 

PSrat Cybb Pfc PiraS Cd53 IfngrS 

HHLX(n=1) 
Mpo 


ULLH (n « 13) 

Hla CsflrK Ds/SIODafl L-CCR Cfes 

AJdol Rac2 Fpil Ctsd Ubb Ptmb4 
HHHL (n «= 37) 

Act* Irf2 EL2 Rpl19 Actb Ly6* Aff1 HIs12 
PsmaZ Gnas Zfp36lf4ra UbrShfdgl 
Max RpsB Csf2rbJ Slpi Tdexl Tpl 3!f3 
CwfGys3 SictOal Clsb Seppl Rin3 
Ccnb2 S100a9 Cf 1 1 Hlsl5-2a* Hela 


Transient 




LLHL (n 9) 

Scfl Ml2Pha6 Plrb Lstl Ltf Sema4d Steffi Mmp9 
LHHL (n - 17) 

Ccbpa LyzB Fegr3 Arf5 Ump1 Siat3 Csr2ra Osl 
Actg Sfpil Gpx3 Ptprc Prtn3 Irf1 Rps6ke1 
Ltb4r Myln 


Copa Gstml Gnb2-re1 Grn RPL8 



» S h a te™w e xp^on^toea*8en.wasde*edfto m .he 20 probe pairs represent^ each gar* .adr* a tron^ 

could nol be performed wtti confidence." Each gene expression profila was categorized as described in Tables 1. 4, and S. For the 4 tune doMi the minim,™ An ih„ 

<n~**4 , ..gutated. Genes were sorted In descending order based on the UN4MIMU. Genes h boldface are those whose easier, >,JZ lZZ MS 0. 
maximum AO oM trrne points greater than 3000). and gene. In Italic, arethoae In <ho bottom 2M (ie. maximum AD of 4 time poinl , J, ^ 300) . ^ dip^^L^ 
was grouped Mo 3 stages: early (frflour), middle (24-hcwend4B-hour). and late (72*our) stages. • inowiiorenuauonpenoo 

AD Indicates average difference; gene symbols ere expanded In an Appendix at the end cf this article. 





Figure 3. Gene dusters In the first 2 principal component spaces. Principal 
component analysis allowed us to present the multidimensional data (In this case, 
4-dlmenslona! data of each gene expression pattern) In a simple 2-dlmenslonal 
graph. We derived the 4 principal components, which are a linear combination of the 
standardized expression Intensities (zero mean and unit variance) at 0, 24, 48. and 
72 hours. The first 2 principal components captured most of the variation of the data 
(approximately 85%). Therefore, the data can be displayed (wfth a minor toss of 
information) in a 2-dimensfcnal graph. The TrsX and second prlndpal components, cl and 
c2,ere given by the Hnear combinations o, = 0.747 • nl - 0.11 - n2 ~ 0.656 - n3 + 0 - 
r>4 end Oj = 0.278 - n1 + 0.353 • n2 + 0233 * n3- 0.863 • n4, where nl. n2, n3, 
and n 4 are the repealed and standardized expression levels at 0, 24, 48, and 72 
hours, respectively. The exes legends d end c2 stand for the first 2 principal 
components, (n this paper we used the Pearson correlation to measure the similarity 
of each gene with the idealized expression patterns, as opposed to the Euclidean 
distance we used in a previous worn/* because clusters were better separated using 
this measure. In toth cases, we presented the data In the 2-dimenstonal space of the 
lowest principal components. The data had a tendency to be drcutarty distributed 
when we used the Pearson correlation as a distance measure. 



Correlation between array and DD analyses 

We have previously demonstrated a correlation coefficient of 0.93 
between visual estimates of changes in band intensity on DD and 
Phosphorimager System (Molecular Dynamics, Sunnyvale, CA) 
estimates of band intensity and a correlation coefficient of 0.88 
between hybridization intensity changes of mJRNA on Northern 
blot analyses and changes in band intensity on DD. t9 In a few cases 
there were clear discrepancies in the pattern of expression of a 
gene, as estimated by DD and by oligonucleotide chip analysis. We 
chose the 6 most extreme cases and examined the levels of mRNA 
change for these genes by Northern blot analysis (Figure 4). In 5 
cases, the Northern blot results agreed with the results of the DD 
analysis, whereas the results of Gnb2-rsl disagreed with the 
oligonucleotide array but duplicate bands from DD showed a 
relatively high level of expression in the 0 time sample that did not 
correlate with the Northern blot (Table 2). One possible explana- 
tion for these findings was the change in the relative use of different 
polyadenylation sites after the addition of ATRAto the MPRO cells. 

Constructing a database for mRNA level changes during 
myeloid differentiation 

Based on the data obtained above, an in-house database (dbMC) 
was constructed that included 2 subdatabases, dbMCd and dbMCti, 
for collecting gene information from DD or oligonucleotide arrays, 
respectively. Each entry in dbMC is accompanied by a so-called 
executive summary. The linkage between dbMCd and dbMCa was 
established by UniGene ID and cluster ID. dbMC contains the 
temporal expression patterns of genes during the MPRO cell 
differentiation process, including not only products represented in 
public databases but also novel transcripts. 
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Figure 4. Northern btot analysis of selected mRNAs. Equivalent amounts of RNA 
from MPRO celts Induced byATRAat different time points (0 hour, 2* hours, 48 hours, 
and 72 hours) were resolved by formaldehyde -agarose gd electrophoresis, stained 
to verffy the amount of loading. Eleven genes were separately probed on the RNA 
fillers. The gene symbol of each probe was listed at the left of a related Northern blot 
resul Detailed information on these 11 probes was listed In Table 5. One of the 
RNA-bfctted membrane photographs Is shown with methylene blue-stained 28S and 
1SS RNA subunlls demonstrating the quality and quantity of RNA loaded In 
individual lanes. 



Analysis of gene expression patterns during MPRO 
differentiation 

Many of the genes identified in this study were found in myeloid 
cells or were implicated in myeloid de velopment for the first time. 
We detected 8 cytokines 25 and chemokines whose mRNA levels 
changed more than 5-fold by arrays and 2-fold by DD during the 
maturation of MPRO cells (see our Web site, http://bioinfo.mbb. 



yale.edu/expression/neutrophil). Among these were 2 members of 
the CC chemokine family. Interleukin-1 a (IL-la) was up-regulated 
at the late stage of differentiation (LLLH pattern, Table 1). 

mRNA for approximately 52 receptors was detected by one or 
the other method. A number of the receptors known to be present on 
mature neutrophils showed late induction of mRNA, and their 
levels of induction were high, indicating that the expression of 
these products is a prominent event late in neutrophil maturation 
(Table 3). Rarely was mRNA for receptors down-regutated, 
consistent with myeloid maturation being accompanied by increas- 
ing responsiveness of the cell to a variety of external stimuli. 

Expression of mRNA for granule proteins 

Neutrophils contain several types of granules that develop at 
different stages of myeloid maturation.*' 17 '* 6 Levels of mRNAs 
encoding secondary granule proteins, such as lactolerrin, increased 
as the cells matured (Table 4). The level of mRNA for Mmp9, 
reported as a tertiary granule protein, increased markedly between 
24 and 48 hours after the induction of differentiation, whereas 
mRNAs for secondary granule proteins either increased less 
markedly or showed a maximum increase by 24 hours. mRNAs for 
several primary granule constituents, such as myeloperoxidase and 
cethepsin G, were present in unstimulated cells and decreased as 
the cells matured. There was a discrepancy in the measurements of 
proteoglycan mRNA by DD and oligonucleotide chips, but North- 
cm blots showed that it reached a peak at 48 hours and then 
declined (Figure 4). Cathepsin D is reported as a primary granule 
protein, but its pattern of mRNA expression more closely re- 
sembled that of secondary granule constituents. In addition to 
known granule components, mRNAs for several other cathepsins 
were up-regulated during myeloid differentiation, in parallel with 
or later than the tertiary granule protein mRNAs. 

mRNAs for transcription factors 

Transcription factor genes, including several identified at the sites 
of consistent chromosome rearrangements in acute myeloid leuke- 
mia, have been implicated in normal myeloid differentiation and in 
the expression of neutrophil proteins. 2 ' 5 ' 27 However comprehensive 
information concerning the expression of these transcription fac- 
tors during myeloid development is not readily available. There- 
fore, wo compared gene names and identifiers in our databases to 
those of the transcription factor database Trans fac (http:// 



Table 2. Expression patterns of ponos detected by Northern blot analysis 



Gene Gene AD value by array Intensity by DD 



symbol 


secession 


Oh 


24 h 


48 h 


72 h 


Oh 


24 h 


48 h 


72 h 


Cebpa 


M62362 


33 


212 


182 


4'. 










Cebpb 


X62600 


390 


1248 


1380 


1903 










Cefcpd 


X61BD0 


157 


262 


168 


430 










Cebpe 




















Myb 


M 12848 


BS2 


356 


230 


435 










Sipi 


U73004 


617 


501 


783 


402 


1 


2 


3 


3 


Prn3 


W45S34 


153 


259 


339 


345 


5 


1 


1 


2 


Gnb2-rs1 


X75313 


4231 


3623 


3215 


3403 


4 


4 


1 


1 


LyBe 


U0426B 


3061 


S331 


2844 


1282 


3 


2 


1 


i 


Lsp1 


W9C316 


65 


376 


840 


26 


2 


3 


5 


6 


Actb 


X03765 


309S 


358B 


3976 


2434 


1 


2 


3 


2 



Gene symbol and gens accession rater to National Center for Biotechnology Information databases and, In particular, to Locus Link. AO value Is the average difference In 
the value of hybridization intensity between the set of perfectly matched oligonucleotides and the set of mismatched oligonucleotide in the oSgonudeotWe array. 3and 
intensities from DD were semiquantified on a scale from 1 (+) to 8 + + + + + + +>. These estimates are shown as boldface numbers in this table." Doth AD vatue and 
Intensity of genes were studied at 4 time points corresponding Id MPRO ceils Induced for the indicated times. 

DD Indicates differential display; MPRO, mouse promyelocytlc cell line; for gene symbols, see the Appendix at the end of this article. 
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Tabta 3. Receptors expressed during myeloid differentiation process 



Maximal fold change 



AJD vofuo by array 



Gene symbol 


Gene accession 


Oh 


24 h 


43 h 


72 h 


Bzrp 


021207 


641 


658 


881 


887 


Cmkar4 


K995A1 


5C8 


447 


378 


684 


Crry 


M34173 


433 


384 


506 


506 


C6f2rh1 


M34397 


318 


345 


410 


241 


HtrSa 


218273 


188 


272 


273 


339 


MGpr 


X64068 


536 


409 


408 


649 


MFPIR 


AA1 16789 


232 


64 


63 


381 


TCRGB 


M23053 


165 


212 


244 


299 


Tnfrsfla 


M59377 


o 


1 


1 


1 


Cmkbrl 


U28404. 


221 


244 


504 


638 


CnV 


X72305 


121 


200 


250 


355 


Csf2ra 


MB5078 


171 


372 


402 


254 


UW3 


AF0131H 


187 . 


270 


428 


148 


Gfidl 


010171 


128 


164 


150 


257 


(frigr 


.I0S2G5 


141 


263 


327 


251 


H2rg 


U21795 


205 


184 


231 


477 


Ldtr 


X 644 14 


1399 


1653 


1665 


3968 


P40-B 


J02670 


849 


677 


381 


640 


Ptaur 


X62701 


312 


443 


476 


734 


Rarp, 


M 34476 


102 


113 


114 


218 


Srbi 


ujf rati 


126 


232 


132 


258 


Cr2 


M29281 


83 


138 


243 


77 


Csf2rb2 


W29B55 


209 


249 


437 


111 


Fcerlg 




2398 


2766 


3365 


8751 


Fcgr2b 


X0464B 


1703 


1652 


1431 


4605 


tfngr2 




1 


2 


2 


3 


Nr4a1 


XI 6995 


96 


188 


202 


401 


I11r2 . 


X59769 


482 


1796 


2872 


3816 


CSrl 


L05630 


185 


434 


BOB 


1078 


Drd2 


X55674 


0 


0 


0 


219 


Fcgr3 


M14215 


1 


1 


1 


2 


Fprt 


L22161 


0 


69 


141 


671 


GCR 


AA24D711 


2 


0 


0 


0 


L-CCR 


AA034646 


48 


175 


314 


2056 


NMDARGB 


AAB2021 1 


2 


2 


0 


0 


P2ntl 


XB489B 


79 


346 


530 


744 


Piral 


U966S2 


0 


43 


172 


378 


PtraS 


U96666 


274 


391 


954 


1874 


PiraG 


U96687 


122 


635 


2014 


171G 


Ptrb 


U96B89 


191 


445 


966 


747 


Sell 


M23324 


46 


104 


570 


20 


. Tcra-V4 


M54996 


1650 


78 


65 


315 



leas than 2 



2 or more, less than 3 



3 or more, less than 4 



4 or more, less than 5 

5 or more 



Receptors ere identified as present whose maximal AD values were more than or equal to 2G0 U in this study. Genes were sorted by their expression patterns as follows; 

were ordered according to the maximal fold change of AD values. Abbreviations of gene names ere taken from 3 ene symbols listed ,he Locus Link £rt£ oTthe MM 

oligonucleotide array assays. The other information is presented as in the legend to Table 2. 

AD Indicates average difference; gene symbols ore expanded In en Appendix at the end of this article. 



www.tnnsfac.gbf-bmmschwesg.de/Il(ANSFAQ and determined 
which factors contained in this database were present at detectable 
levels in MPRO cell mRNA, using Affymetrix software for the 
criteria for inclusion of mRNAs from approximately 200 murine 
transcription factors probe sets on the oligonucleotide chip. Of 
these, 5-1 were expressed and 1 3 showed changes of 3-fold or more 
in chip signal (Table 5). 

The changes in certain trariscription factors, such as the moderate 
down-regulation of myb and myc and the up-regulation of the Max 
dimerization protein MAD, were consistent with the skirt of the cells 



fiom a proliferative to a differentiated stated Some changes are more 
difficult to explain, such as the up-regulation of DPI , a partner for E2f 
factors in the regulation of S-phase genes, and the mild up-regulation of 
the Id genes, oominonly associated with an inhibition of differentiation 
by competition with bHLH transcriptional activators. 29 

The C/EBP family has been extensively studied with respect to 
myeloid differentiation. 2 - 10 Absolute levels of the C/EBP a and 6 
mRNAs were low, probably at the borderline of significance for the 
oligonucleotide chip assay, whereas the level of C/EBP 0 appeared 
higher. Lu addition, there were discrepancies between the chip 
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Table 4. Granule constituents expressed during mouse promyelocyte cell line cell differentiation 



Granule constituent 



Gene symbol 



Gene accession 



AD value by army 



Oh 



Azurophil (primary) granulns 



24 h 



4Bh 



72 h 



Possible granule proteins 



Specific secondary granules 



Tertiary granules 



Man2c1 

Ctab 

Ctsd 

Cteg 

E12 

E1a2 

Gus-s 

Lyzs 

McptB 

Mpo 

Pra 

Ctsc 
Ctse 
Ctsh 
Clsl 
Ctss 

Cpa3 

Cd36l2 

Cnlp 

Cyob 

Ear2 

Fpr1 

Itgb2 

Lcn2 

Ltf 

M3P 

Mmp13 

Mmp9 



AA161B60 

M65270 

XS2&S6 

M96801 

U04362 

AA6B9016 

M63B36 

M21050 

X78545 

X1537B 

V 16133 

AA144BB7 

X97399 

U06119 

X06086 

AA0B9333 

J05118 
AB00B553 
X94353 
U433S4 

L22181 
X14851 
W13166 
JQ3298 
W4S834 
X66473 
L37297 

227231 



178 
442 
214 
1509 
658 
47 
544 
0 

831 
378B 
2621 

252 



45 
16 
12 



621 
113 
80 



178 



816 
10 



2661 



134 
460 

1087 
405 

1273 
159 
226 
i 

258 
3009 
2653 

194 
3 
124 
11 



270 
93 
479 



220 
2 

3513 
162 
1 
43 
4782 



99 
595 
1828 
46 
843 
134 
266 
1 
66 
776 
2920 



195 
31 



90 
157 



235 



3931 
333 



72 



164 

389 
2784 
286 
157 
163 
254 
3 
491 
692 
9859 

576 
5 

156 
237 
463 

601 
187 
626 
128 
2 

845 
2 

6036 
13B 
2 

178 
6912 



^hown are the possible granule protein cDNAs represented on the oligonucleotide arrays, sorted by thefr expression patterns asfoltows- first by the averaoe differs An 
In !(i y e granu'e ^^°^* by the alphabetical order of gene symbols. Data fire presented as described In the le^nid^o Ta^ble 3 ^ overage difference AD 
avpra 3° deference; gene symbols are expanded in an Appendix at the end of iNs articia 



estimates and the tnRNA levels observed by Northern b!otting with 
specific probes for these genes. In particular, the latter method, 
more sensitive and specific, showed that C/EDP a began to decline in 
the most mature cells, whereas C/EBP 8 mRNA declined progressively 
beginning at 2-1 hours after (he onset of differentiation. 

C/EBP eLsa more recently cloned C/EBP family member. Previous 
studies indicated it is expressed in a large array of human leukemia cell 
b'nes blocked at various stages of differentiation and that it is up- 
regulated during granulocytic differentiation. 31 A C/EBP e probe was 
not included in the oligonucleotide chips, and this inRNA was not 
detected by DD. Therefore, we examined the C/EBP e expression 
patterns by quantitative PCR and Northern blot analysis (Figure 4). 
C/EBP € exon 1 was PCR amplified from MPRO RNAs using primers 
RY48 (AGCaXCGACACCCTTGAra\) and RY49 (TGCCACACT- 
GCGGGCAGACAG). Ji The results showed that C/EBP c is expressed 
throughout myeloid differenUation, with expression levels increased 
moderately in the later stages. 

We detected a number of other transcription factors that are 
broadly expressed or that have been reported in other studies of 
hematopoiesis (Table 5). Some of the factors that were most 
strongly induced during differentiation have been studied in other 
contexts but not previously implicated in hematopoiesis, such as n 
mammalian homologue lo the Drosophila enhancer of split gene, a 
transcriptional silencer. The mammalian gene is expressed at 
relatively high levels as measured by the oligonucleotide chip and 



is a candidate for mediation of the silencing of growth-related 
genes in the maturing neutrophil. Another candidate transcriptional 
silencer, Tiflb, may serve as a corepressor for the FCRAB domain 
family of zinc finger transcription factors and also may mediate 
binding of the heterochromatin protein HP1 to DNA. 33 

There were 26 transcription factors whose mRNAs showed no 
significant changes by oligonucleotide chip analysis and were not 
identified as differentially regulated genes by differential display 
assays. PU.l, a factor necessary for the production of neutrophils 
and the expression of several neutrophil genes,-* 4 showed less than a 
3-fold increase in mRNA, below the threshold for a significant 
change. Other candidate hematopoietic transcription factors, such 
as PEBPUB2 (AMU), GATA-1 , and SP-2, were represented on 
the oligonucleotide chips, but their tnRNA levels were so low that 
they were reported as absent in this study. The possibility that small 
changes in the levels or ratios of some transcription factors could 
produce marked changes in transcription potentially limits the 
ability of data generated by present methods lo explain transcrip- 
tional changes during differentiation. 

Protein expression patterns of MPRO cells during 
ATRA Induction 

We visually compared the 2DE patterns from MPRO cells at the 
same time points used for mRNA analysis. In most cases the 
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Table 5. Transcription modulators presented during myeloid differentiation 



Maximal fold change 
Less than 2-foirl 



Gene symbol 



AO voluo by array 



Gene accession 



24 h 



48 h 



2 or more, less than 3 



3 or more, less than 4 



A or more, less than 5 



5 or more 



2fp11-6 


AB020542 


2630 


69 


Btf3 


W13502 


3 


3 


Gala2 


AB000096 


562 


T7ft 
f f U 


Hmgl 


J04179 


337 


34B 


Idb1 


M31635 


455 


7B7 


Max 


M63903 


256 


224 


Nfatc2 


AA560093 


2313 


3218 


Pm1 


U33626 


173 


261 


Rarg 


M34476 


102 


113 


Reta 


M61909 


297 


260 


SoxIS 


W53527 


419 


461 


Ybx1 




643 


469 


Zfp162 


Y 12838 


671 


734 


Cebpd 


AO IOUU 


157 


262 


Idb2 


M69293 


244 


210 


Jundl 


W29356 


1274 


2002 




VC7CK7 


399 


342 


Nfe2 


LC960Q 


458 


743 


Nfkbt 


L28117 


953 


2044 


Pbxl 


ArU^Oiyo 


611 


303 


stpll 


A 3468 3 


375 


784 


Tiflb 


U67303 


673 


659 


Trp53 


P10361 


259 


149 


Usf2 


U12Z63 


120 


185 


Ybx3 


1.35549 


96 


169 


2fp216 


AA510137 


62 


151 


Irft 


M21065 


85 


207 


Klf2 


U25C96 


62 


86 


Myb 


Ml 2848 


692 


356 


Stat3 


AA39802S 


464 


1057 


TTdpl 


G08639 


307 


560 


Cobpb 


X62600 


390 


1248 


Stral4 


Y0783B 


223 


363 


Cebpa 


M62362 


33 


212 


Grg 


X73359 


99 


565 


Mad 


X831GB 


0 


111 


Myc 


LG0D39 


314 


112 


Elohi'6 


W896S7 


169 


386 


TBX1 


AA542220 


0 


0 



Shown ere the transcription factors identified es present try the oligonucleotide array onarysls whose maximal 
sets was greater than or equal to 200 U in this study. Data are presented as described In the legend to Table 3. 
AD indicates average difference; gene symbols are expanded In an Appendix at the end of this article. 



2795 
2 

472 
177 
721 
312 
2396 
329 
114 
304 
484 
472 
720 

168 
310 
1434 
347 
1042 
1876 
345 
891 
420 
125 
265 
210 
204 

278 
246 
230 
1012 
505 

1380 
510 

182 
916 
167 
62 
313 
1 



2S15 
1 

730 
232 
637 
172 
2S42 
306 
218 
244 
637 
496 
992 

430 
604 

3085 
691 
505 

2034 
212 
529 
863 
361 
192 
118 
106 

168 
77 
435 
280 
1093 

1903 
935 



1005 
327 
173 

1003 
2 



AD between perfect match and mismatch oligonucleotide 



peptides identified for a given protein wcie derived from regions 
along the entire length of the protein, indicating the observed 
products were not the result of proteolytic degradation. These 
data must be considered with several caveats: membrane and 
other hydrophobic proteins and very basic proteins are not well 
displayed by the standard 2DE approach, and proteins present at 
low levels will be missed. 35 In addition, to simplify MS analysis, 
we used a Coomassie dye stain rather than silver to visualize 
proteins, and this decreased the sensitivity of detection of minor 
proteins. The MS method we used was sufficiently sensitive to 
identify proteins that could barely be visualized by colloidal 
blue staining. However, a limitation of the method for the mouse 
is that the current database lacks predicted amino acid sequences 
foT a substantial fraction of murine genes. In addition, very 
small proteins give only a few peptides, making statistically 
confident identification difficult. 



Figure 5 shows the analytical colloidal blue-stained 2DE IPG 
reference maps of differentiated MPRO cells. Expression patterns 
of more than 500 protein spots were detected and observed through 
the entire series of gels. Protein spots could easily be cross- 
matched to each other, indicating the reproducibility of the method. 
As marked on the gel pictures (Figure 5), 50 proteins with a wide 
range of molecular weights ( 1 to 200 kd), isoelectric points (4 to 9), 
and abundances were subjected to MS protein identification. The 
results are presented in Table 6. 

Comparing the theoretical value of the molecular weight and pi 
of each protein to that of the observed value, we confidently 
identified 28 proteins in the expected position on the gels (spots t to 
28). Some of (he other proteins with strong matches to the murine 
databases migrated to a somewhat unexpected /?/ position. Nine 
spots gave clear peptide peaks on mass spectroscopy but did not 
match any known gene. Their identification will require amino acid 
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Figure 5. 2DE clectrophorctograms of MPRO cells. 
MPRO cell fysate (2.5 x 10° cell/sample) was loaded for 
2DE analysis. Gels were stained with brilliant blue G-cdI- 
ioidal dye. (A) 2DE map of uninduccd MPRO ceil {0 hour). 
(B) 2DE map of matured MPRO cells (72 hours). Protein 
spots marked In the maps were considered differentially 
expressed and wsra subjected to MS analysis. The 
.-esurient protein information is listed in Table 6. 



IPGs 



8$ O.C 65 7i\ 7,$8.0«i 




m 
m 



<S 6.0 5 & 6.3 65 ?.0 1$ s.G to 



A 




sequence analysis or availability of more extensive murine data- 
bases. We searched for the expression patterns of the genes cognate 
to the expressed proteins in dbMC (Table 6). Nineteen genes were 
found in dbMC, the mRNA for 5 genes was reported as absent, and 
13 genes were present during iMPRO differentiation. Comparison 
of flic expression patterns showed only 4 genes of 18 present on the 
oligonucleotide chips whose expression was consistent at the RNA 
level and protein level. None of these was on the list of the genes 

TableS. Correlation of expression patterns between mRNA level and protein level 



that were differentially expressed significantly (5-fold or greater 
change by nTfay or 2-fold or greater change by DD). 



Discussion 

We explored the temporal patterns of gene expression during 
myeloid development A database has been developed to provide a 



Spot 



Protein definfiion 



Predicted 
value 

kd p 



Percentage 



2DE pattern 



cDNA expi e&sion 
pattern 



Oh 



72 h 



1 


GRP 76 


2505545 


72.4 


5.1 




1 


3 


1321 


1043.3 


N 


2 


Artln, gamma, cytoplasmic 


6752964 


41.77 


5.3 


40 


3 


6 


0 


2 


Y 


3 


RHO GDI 2 


2494703 


2263 


4.9 


33 


3 


3 


341 


441.6 


V 


4 


Proliferating cell nudear antigen 


7242171 


26.77 


4.7 


42 


1 


0 


544 


430.9 


Y 


5 


APS kinase 


4036346 


69.8 


7.1 


24 


2 


1 


43 


50.7 


N 


6 


Pyruvate kinase 3 


6755074 


57.9 


7.2 


45 


6 


4 


3047 


saeo.a 


N 


7 


Melanoma X»actln 


6671509 


41.72 


5.3 


39 


1 


3 


2539 


341.3 


N 


fl 


Gr/ceraldehyde-3-phosphate dehydrogenase 


6679937 


35.79 


8.7 


39 


8 


r 


3073 


5742.3 


N 


9 


Steftn 3 


461911 


10.99 


5.9 


48 


0 


4 


N/A 


N/A 




10 


Guanine nucleotide binding protein, beta-2, 






















related sequencel 


6GB0047 


35.06 


7.9 


21 


4 


2 


139 


303.1 


N 


11 


Trlosephosphale isomerase 


6678413 


25.69 


6.9 


26 


3 


3 


3312 


2650.1 


Y 


12 


Testis -derived c-abl protein 


1196524 


17.19 


7 


51 


2 


3 


152 


126.9 


N 


13 


RNA binding motif protein 3 


7949121 


16.59 


6.8 


25 


1 


0 


626 


812.4 


N 


14 


Collapsin response mediator 


6681019 


62.16 


6.4 


36 


2 


0 


Absent 


Absent 


N 


15 


Lamin A 


220474 


47.52 


6.6 


35 


2 


0 


Absent 


Absent 


N 


16 


47-kd keratin 


52783 


35.82 


4.e 


29 


3 


0 


Absent 


Absent 


N 


17 


sid478p 


5931565 


31.3 


6.7 


30 


1 


2 


Absent 


Absent 


N 


18 


MHC dass II H2-IA-beta-5 


3166662 


28.6 


7.1 


39 


1 


2 


N/A 


N/A 




19 


Andrcgen-binding protein: subunit alpha 


739346 


8.04 


6.4 


68 


0 


2 


Absent 


Absent. 


N 


20 


Neuronal apopto&fs inhibitory protein 


5932010 


158.7 


6 


17 


1 


0 


N/A 


N/A 




21 


PAD type IV 


6755018 


74.46 


7.2 


21 


1 


3 


N/A 


N/A 




22 


Human serum albumin homologoue 


3212625 


66.45 


5.7 


24 


0 


6 


N/A 


N/A 




23 


syncrip 


6576815 


62.53 


7.2 


33 


2 


1 


N/A 


N/A 




24 


Transaminase 


1730203 


46.22 


7.2 


31 


3 


1 


N/A 


N/A 




25 


PGKcrigr phosphogiycerete 


1730519 


44.54 


8.3 


47 


S 


4 


108B 


1402.3 


N 


26 


Proliferation-associated gene A 


6754976 


22.16 


6.6 


53 


3 


1 


N/A 


N/A 




27 


Pulaluve peroxisomal antioxidant enzyme 


3913065 


17 


7.6 


55 


0 


3 


N/A 


N/A 




28 


IgE chain C2 region 


2137430 


12,1 


5.2 


38 


0 


1 


N/A 


N/A 





The proteins listed here ore represented by the spots marked In the eiectrophoretograms shown In Figure 5, 

Protein definition, G: number, and predicted value refer to the protein name, accession number, and properties derived from the National Center for Biotechnology 
Information protein database. The column labeled % shows the percentage of peptides predicted from the protein sequence that wera dctoctod by mass spectroscopy The 
expression level of protein spots expressed In mouse promyelocytfc cell line cell iriduced by alJ-f.-ans rctinote acid for 0 Injurs and 72 hours /Figure 5) were scored on o scale of 
1 (+) to 8 1 + + + -r + + + +) tn the 2DE pattern column. The cDNA expression patterns of the cognate mRNAs ere listed in the cON A expression pattern column abstracted from 
the dbMC database. The genes not represented on the oflgonudeotlde arrays were marked as N/A Ag showed the correlation of gone patterns at mRNA level or protein level 

Y indicates agreement and N discrepancy between changes in cDNA and protein spot intensity. The numbers in bold were obtained witfi DD. 2DE indicates 2-dimensiona! 
gel electrophoresis; IgE. irnmunoglobuiin E; DD, differentia! display. cnsionai 
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reference for later research on the molecular mechanisms underly- 
ing normal myeloid development. 

The MPRO cell system morphologically mimics normal myeloid 
differentiation and biochemically proceeds further toward mature neutro- 
phils than most other in vitro systems. Because the arrest in differentia- 
tion of MPRO cells growing in the absence of ATRA is not physiologic, 
there is a theoretical risk mat gene expression in these ceils is not 
coordinated in the way thai it is in normal differentiation. It is 
encouraging that, for (he most part, the timing of expression of genes for 
proteins of the various neutrophil granules is consistent with the timing 
of (he morphologic and biochemical appearance of these granule 
components during normal myeloid differentiation 

The DD technique provides certain advantages for detecting 
and comparing mRNA levels in different samples. First, the method 
is, in principle, similar to competitive RT-PCR, and, with the use of 
stringent PCR conditions, is expected to be aboul as reliable. 
Second, display patterns are reproducible. Third, the method 
detects the levels not only of RNAs already represented in the 
database but also of unknown RNA species that may represent 
W genes. Fourth, closely related genes can be distinguished 
regardless of cross-hybridization, provided there are some single 
nucleotide differences in the 3' end sequence. Limitations associ- 
ated with this technique are that numerous gels are necessary to get 
complete information and that comparison of the levels of different 
mRNAs is only approximate because of the differential amplifica- 
tion of bands of different size or sequence. 

Oligonucleotide chip analysis is a fast and effective means of 
accessing mRNA expression patterns. 20 Cluster analysis of groups 
of samples by this approach is effective. However, the present 
results indicate that alternative methods of verification aTe desir- 
able before the data on an unexpected change in a particular gene 
are definitively accepted. 

To obtain the broadest range of information from the myeloid 
differentiation process, both differential display and oligonucleotide 
chip techniques were applied in the current study. As a result, 65.3% of 
the observed changes iu mRNA levels came from the differential display 
method and 41 .5% came from oligonucleotide chip assays. 

Our data showed in general that changes in expression pattern 
by the 2 methods agreed qualitatively but that there was some 
quantitative variation. Out results indicate that DD may be a more 
accurate way to detect changes in levels of gene expression than the 
oligonucleotide chip assay. However, improvements in the types of 
oligonucleotides used in arrays may close this gap in the future. 

The mRNAs for a limited number of transcription factors vary in a 
pattern correlating with that of the mRNAs for primary or secondary 
granule proteins. However, more detailed information is needed, and the 
underlying mechanisms of granule gene regulation remain unclear. The 
number of potential positive and negative regulatory factors found here 
is sufficiently small as to make it feasible to perform in vivo studies, 
such as chromatin imniunoprecipitation. 

The oligonucleotide chip used in this study focused on known 
genes, whereas the DD method samples ail polyadenylated tran- 
scripts. The latter method generated a large number of products not 
associated with known genes, in part because the mouse genome is 
not as well represented in the database, as the human genome. 
However, our experience with DD and human mRNAs indicates 
that substantial fractions of the products represented as ESTs or not 
represented at all in the public databases are cDNA copies from 
introns, hnRNA, or other RNA with internal A runs. 

Approximately 59 sequences obtained from gel-display bands 
had significant changes in the level of expression and a sequence 
that did not match that for any named gene in the public databases. 



Of these, 38 had plausible or excellent polyA signals. This is only 
an approximate estimate of the number of new genes found 3 " 6 
because a fraction of the mRNAs for known genes still had poor 
polyA signals. In addition, the full 3' untranslated region is often 
not known for characterized genes, and in some cases these new 
genes may prove to be identical to products identified by the 
oligonucleotide chips when more complete sequences are obtained. 
At the least, their presence indicates that a substantial fraction of 
the regulatory or functional circuitry of maturing myeloid cells 
remains unexplored and that valuable tools for their investigation 
will emerge from a combination of RNA expression studies and 
analysis of emerging genomic sequences. 

The desired end point for the description of gene expression in a 
biologic system is not only the analysis of mRNA transcript levels 
but also the accurate measurement of protein abundance. The 
developments in 2DE and new MS instrumentation make it 
possible to accomplish this work rapidly and efficiently. In this 
study, we attempted to identify a number of the proteins differen- 
tially expressed between iminduced and ATRA-differentiated MPRO 
cells and to examine the relation between mRNA and protein expression 
levels foT these genes representing the same state. 

For protein levels based on estimated intensity of Coomassie dye 
staining in 2DE, there was poor correlation between changes in mRNA 
levels and estimated protein levels. Other groups have studied the 
correlation between mRNA and protein levels in yeast and liver 
cells. 11 - 12 * 14 In the liver cell experiments, 11 '* 2 correlation coefficients of 
0.4 to less than OS were observed. In an extensive study in yeast, 1 1 12 the 
correlation coefficient was high if the most abundant mRNAs and 
proteins were considered. If a handful of these products was omitted, the 
remaining correlation coefficient was 0.4 or less. However, one 
could restore some of the correlation by averaging individual 
data points into broad prot comic categories. 37 

The discrepancies between mRNA and protein levels in MPRO cells 
appear to be substantially larger than those observed for yeast Possible 
causes for the discrepancies include transitional regulation, differential 
expression of certain mRNAs at various stages of cell growth in vitro, 
post-translational protein modification that varies with the stage of 
maturation of the cells, and selective degradation or excretion of proteins 
in vivo. Furthermore, here we are focusing on a developmental 
time-course, whereas the yeast study concentrated on the organism in 
vegetative growth. New techniques, equipment, and bioinformatic 
analysis tools must be developed to make such systematic, global, and 
quantitative analyses feasible. 

The initial studies of protein expression presented here provide a 
cautionary note for efforts to interpret cell composition and function in 
relation to mRNA levels. Discrepancies we observed between gene 
expression and protein abundance suggest that selective post-transcrip- 
tional controls may be at least as important as changes in mRNA levels 
in detemiining the protein composition of neutrophils and that they arc 
phenomena less well explored than transcriptional control. Analysis of 
mRNA expression patterns is itself only a small beginning toward a 
genome-wide description of cellular components^ 
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Appendix 

Gene symbols used in tables: Actb: actin, beta, cytoplasmic; Actg: actin, gamma, 
cytoplasmic; Actx: melanoma X-actfn; Aldnt: aldolase I, A isetbrm; Arf5: 
ADP-ribosyiauan factor 5; Ait"! : activating transcription factor I ; Atf2: activating 
iranscripuon factor 2; BtO: basic transcription factor 3a; Bzrp: peiinhcral-t>*pe 
benzodiazepine receptor; C5rl : coinpiemcnt cosnponeot 5, receptor I/O protein- 
coupled receptor (C5a); Ccnbi: cyciin B2; Cd36l2: CD36 antigen (collagen type 
I receptor, thrum bos pondin receptor)-lilce 2; CdS3: CDS 3 antigen; Cebpa: 
CCAAT/cnhanccr binding protein OT2BP T alpha; Ccbpb: CCAAT/cnhanccr 
binding protein (C/EBP), beta; Cebpd: CCAAT/cnhanccr binding protein iO 
EBP), delta; Cebpc: CCAAT/cnhanccr binding protein (C/EBP), cpsilou; Cfll: 
cofilin I , nonmusclc; Cmk2i4: chemokine (C-X-C) receptor 4; Cmkbrl: cbemo- 
kinc (C-C) irceptor 1 /Mini a receptor, Cnlp: csthclin-likc protein; Cutt*: ciliai-y 
neurotropic factuuAdnc finger protein PZF; Ccpa: coatomcr protein complex 
Bubunit alpha; CpiO: emboxypentidase A3, mast cell; Cr2: complement receptor 
i; Crhr: conicotmpin rclcasmg hormone receptor. Crry: complement rcvcpUv- 
rclatcd protein; CsHr CSF I (M-CSF) rcccptor/c-fm^CDIlS; CsOra: CSF 2 
(GM-CSF) rcccptw, alpha, liw-ajTmif>'/CDI 16; CsfTrbl: CSF 2 (CM-GSF) 
receptor, beta 2, low-ammly/U. 3 rcctT?tnr-likc protein (AlC2B)/CDwl3l; 



Csflrb2: CSF 2 (GM-CSF) receptor, beta 2, low-artinity/lL-3 receptor (A1C2A); 
Ctsb: cathepsin B; Ctsc: cathepsin C; Ctsd: caihepsin D; Ctse: callicpsin E; Ccsg: 
cathrpsin G; Ctsh: cathepsin H; OiL* caihepsin L; Ctss: cathepsin S; Cybb: 
cytochrome b-245, beta; Did2: dopamine receptor 2; L211: 112l : trans aiptioo 
factor 1; La'2: eochKiphnVassociated ribonuclease 2; Ebi3: l^pstein-Barr virus- 
induced gene 3/cytokine iTcerxor-4ike molecule (EBI3); E12: BalbVc neutrorihil 
clastase; Ela2: e1asta.se 2; Erh: enhancer of rudimentary homolog (Drosophila); 
Etohi6: cdianot induced oVstcrol regulatory clement binding transcription factor I 
(SREBF1) honmlog; F2rl2: coagulation factor TT (tlirombin) rcccptoMikc 2; 
Fcer lg: Fc receptor, IgC, bigh arfinity I, ganima porvpepttde; Fcgr2b: Fc receptor, 
IgG, low alfiniry lib; Fcgr3: Fc receptor, IgG, low affinity UI; Fprl: foraryl 
peptide receptor L/1MLP irccptor, Gabpbl: GA repeal binding protein (GABP- 
bctal subu&it); Gata2: GAT^-binding protein 2; Gnas; guanine nucleotide 
binding protein, alpha Stimulating; Gnb2-rsl : guanine nucleotide binding protein, 
bcta-2, related sequence 1; Gpx3: glutathione peroxidase 3; Grg: related to 
Dnwophiia grnticfio gene; Gridl: gKitamatc receptor clwnncl subunil delta 1; 
Gm: granulin; GsLtil: glutathiono-S-lraisfcrast:, mu I; Gus-s: bcta-ghicuruni- 
dase structural; Gys3: grycogen synthase 3, brain; H2-D: hisiocoaip;Uibilir)' 2, D 
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region locus 1; Hist2: histone gene complex 2; IIist5 -2ax: 112A histone family, 
member X; Hirtgi: high mobility group protein I; Hsp60: heat shock protein. 60 
kDa; Htr5a: 5-hyaroxytryptamine (serotonin) receptor 5A; Idbl: inhibitor of 
DNA binding lAelix-loop-helix DNA binding protein regulator (Id); Idb2: 
inhibitor of DMA binding 2; Ifhgn interferon gamma receptor; lfngr2: interferon 
gamma receptor 2; H: la-associated invariant chaiu; 11 J a: XLI alpha; Ulr2: DL1 
receptor, type II; U2rg: IL2 receptor, gamma chain; IWra: IL4 receptor, alpha; 
111 Orb: U.10 receptor, beta; II I7r IU 7 receptor, Irfl: interferon regulatory fector 
1; IrfZ: interferon regulatory factor-2; Itgb2: integrinbetn2 (Cdl8); ItprS: inositol 
1 ,4,5-trisphDsphate receptor (type 2); Jttndl: Jun proto-oncogene-related gene 
d I/transcription factor JUN-D; KIG: Kmppel-like fector LKLF; L-CCR: lipopolv- 
saccharide inducible C-C djonokme receptor-related; Lcn2: lipocalin 2; Ldlr: 
low density lipoprotein receptor; Lspl: Lymphccytc-spccific l/S37/pp52; Lstl: 
(eiicocyte-specific transcript I ; I.tb4n letikotncne B4 receptor; libr. lyrnphotojun- 
beta receptor; Ltf: Incto transferrin; Ly64: lymphocyte antigen 64; Ly6e: lympho- 
cyte antigen 6 complex, locus E; Lyll : Jymphohlatfomic leukcmia/bHLH factor. 
Lyzs: lysozyme; M6pn mannose-6-phosphate receptor, cation dependent; Mad: 
Max d^erizatton protein; Man2cl: mannosfdase, alpha, class 2C, member I; 
Max: Max protein; Maz: MYC-associated zinc finger protein (purine- binding 
transcription factor); MBP: eosinophil granule major basic protein precursor; 
McptS: mast cell protease 8; Mil: myeloid/lymphoid orrruxed-lineage leukemia; 
Mmpt3: matrix ir.eteJJoproteina.se 13/coltagcnase;Mmp9: matrix ntetaUoprotein- 
ase 9/gelatinase B; Mpo: myeloperoxidase; Myb: myeloblastosis oncogene; 
Mybl2: myeloblastosis oncogcue-Jike 2; Myc: myclocytomatosis oncogene; 
Myln: myosin light chain, alkali, nonmuscle; Nfatc2: nuclear factor of activated T 
cells, cytoplasmic 2; Nte2: nuclear fiictor, erythroid-derived 2, 45 kDa; Nfkhl : 
NT-kappa-B (p 105); Ngp: neutrophilic granule protein; NMDRGB: N-methyl-D- 
ospariate receptor glirtamcte-binding chain homolog: Npml: nudeophnsrnin I; 
Nr4al: nuclear receptor subfamily 4. group A, member I; Osi: oxidative stress 
induced; P2rxl : puriuergic receptor P2X, lig&nd-gcted ion channel, I ; P2ry2: 
rnirinergic receptor P2Y, G-protein-coupled 2; P40-8: P40-8, rUnctional/laniinin 
receptor; Phxl: pre B-ceJJ leukemia transcription fector 1; Pfc: properdin factor, 
complement; Piral: paired-Ig-like receptor A I; Pira5: paired-Ig-like receptor 



A5; Pira6: paired-ig-like receptor A6; Pirb: paired-Ig-Uke receptor B; Plaur: 
urokinase plasminogen activator receptor; PML putative receptor protein (SP: 
P 171 52 ); Pmk promyelocytic leukemia; Prg: proteoglycan, secretory granule; 
Prg3: proteoglycan 3/cosinophil major hasic protein 2; Prtn3: proteinase 3; 
Psma2: proteasome (prosome, macropain) subuniL alpha type 2; PtrnM: prothy- 
mosin beta 4; Ptprc: protein tyrosine phosphatase, receptor type, C; Rac2: 
RAS-r elated C3 botulinum substrate 2; Rarg: retinotc acid receptor, gamma; 
Rcla: avian retkidtxn^dotheuosw viral (v-rel) oncogene homolog A/NF-kappa-B 
p65; Rpll9: ribosomal protein L19; RPL8: ribosomai protein L8; Rps6kal: 
ribosornal protein S6 kinase polypeptide I; Rps8: ribosamal protein S8; Rtn3: 
reticulon 3; SlOOaS: SI 00 calcium binding protein A8 (calgranulin A); S100a9: 
SI 00 calchtm-binding protein A9 (calgranuJin B); Sdfr2: stromal cell-derived 
factor receptor 2; Sell: selectin L (lymphocyte adhesion molecule IX Sema4d: 
semaphorin 4D; Scppl: selenoprotein P, plasma, I; Sfpil: SFFV proviral 
integration 1; Shfdgl: split hand/foot deleted gene I; SklOal: solute carrier 
family 10 (sodium/bile acid co transporter family), member I; Slpi: secretory 
leukocyte protease inhibitor; Soxl5: SRY-box containing gene 15; Spi2-1: serine 
protease inhibitor Z-t; Srbl: scavenger receptor class B 1 ; Stat3: signal transducer 
and activator of transcription 3; Stat5a: signal transducer and activator of 
transcription 5 A; Stat6: signal transducer and activator of transcription 6; Stra 14: 
basic4tthx4oop-helix proteirwetinotc acid induced; Thxl: TBX1 protein/LPS- 
induccd TNF-alnha factor homolog; Tcrgb: T-cell -receptor gcrmline beta-chain 
gene constant region; Tcrg-V4: T-ceU-receptor gamma, variable 4; Tctexl: 
t-complex testis expressed I; Tfdpi: transaiption fector Dp I; Tiflb: transcrip- 
tional intermediary fector I, beta; Tlr4: toll-like receptor 4; Tnrrsfla: TNP 
receptor superfamUy, member la; Tnlbflb: TNF superfamily, member lb; 
Tbmm^Oa: transtocase of outer mitochondrial membrane 70 (yeast) homolog A; 
Tpt triosephosphate isomerase; Trp53: trmstbnruition-reiatcd protein 53; Uhb: 
ubiquitin B; Usf2: upstream transcription factor 2; Ybxl: Y box transcription 
factor, Ybx3: Y box binding protein; Zfpl l~6: zinc finger protein si 1-6; ZfplK: 
zinc finger protein 1 8 homolog; Zfp36: zinc finger protein 36; Zfpl 62: zinc finger 
protein 162; Zfp216: zinc finger protein 216; Zfpml: zinc finger protein, 
muititype I ; Znfhl a I : zinc finger protein, subfamily LA, 1 (Ikaros); Zyx: zyxin 
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Bacterial lipopolysaccharide (LPS) evokes several 
functional responses in the neutrophil that contribute 
to innate immunity. Although certain responses, such as 
adhesion and synthesis of tumor necrosis factor-o, are 
inhibited by pretreatment with an inhibitor of p38 mi- 
togen-activated protein kinase, others, such as actin as- 
sembly, are unaffected. The aim of the present study was 
to investigate the changes in neutrophil gene transcrip- 
tion and protein expression following lipopolysaccha- 
ride exposure and to establish their dependence on p38 
signaling. Microarruy analysis indicated expression of 
13% of the 7070 Affymetrix gene set in nonstimulated 
neutrophils, and LPS up-regulation of 100 distinct 
genes, including cytokines and chemokines, signaling 
molecules, and regulators of transcription. Proteomic 
analysis yielded a separate list of up-regulated modula- 
tors of inflammation, signaling molecules, and cytoskel- 
etal proteins. Poor concordance between inBNA tran- 
script and protein expression changes was noted. 
Pretreatment with the p38 inhibitor SB203580 attenu- 
ated 23% of LPS-regulatcd genes and 18% of LPS-regu- 
lated proteins by 2*10%. This study indicates that p38 
plays a selective role in regulation of neutrophil tran- 
scripts and proteins following lipopolysaccharide expo- 
sure, clarifies that several of the effects of lipopolysac- 
charide are post-transcriptional and post-translational, 
and identifies several proteins not previously reported 
to be involved in the innate immune response. 



Lipopolysaccharide (LPS), 1 a component of the outer cell wall 
of Gram-negative bacteria, evokes a variety of functional re- 
flponses in the human neutrophil (PMN) after binding to a 
plasma membrane receptor complex that involves the Toll-like 
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receptors (TLRs) (1-5). These "immediate" functional re- 
sponses, including actin assembly, adhesion, activation of nu- 
clear factor-kappa B (NF-kB), and priming for an enhanced 
secretory response and for release of reactive oxygen interme- 
diates, appear to be central both to the innate immune re- 
sponse and to the pathogenesis of several inflammatory human 
diseases, including sepsis and the acute respiratory distress 
syndrome (6). p38 mitogen-activated protein kinase (p38 
MAPK) has been shown to mediate LPS-induced PMN adhe- 
sion, NF-kB activation, and TNF-a and IL-8 translation and 
release (7), and its blockade attenuates LPS-induced PMN 
accumulation in the airspace (8). However, other cascades al- 
most certainly lead to downstream effectors of the LPS signal; 
for example, actin assembly appears to be p38 MAPK-inde^ 
pendent (9). An improved understanding of the transcriptional 
and translational responses of the neutrophil to LPS and the 
modulation of these responses by p38 MAPK might carry 
pathogenetic and therapeutic implications. 

Historically, it has been believed that the downstream PMN 
transcriptional response to LPS is static and. that PMN func- 
tional responses to LPS that depend on de novo protein syn- 
thesis are primarily limited to the release of cytokines (10). 
However, recent studies indicate a robust transcriptional re- 
sponse (11). To date, most studies have relied upon and re- 
ported a short list of functional assays of the LPS-exposed 
PMN; therefore, no exhaustive investigation of either the tran- 
scriptional response or protein synthetic repertoire of the PMN 
has been reported. Although several techniques have been used 
to evaluate transcripts, the screening of global changes in 
mRNA by microarray analysis has only recently become possi- 
ble. In this way, thousands of genes can be screened in an 
unbiased fashion for transcript abundance. Such genomic 
screens in mammalian cells have previously been applied to 
define altered expression profiles in response to agonists (12) 
and to drug action (13) and during cell cycle progression (14). 

Although DNA microarray technology is expected to provide 
insight into the response of the human PMN to LPS (15), 
inlubition of LPS-etimulated U^l and TNF-a production by 
p38 MAPK inhibitors in THP-1 cells (16) and of TNF-« synthe- 
sis in human PMNs (9) occurs at a translational level and 
would therefore not be detected by DNA microarrays. Further- 
more, in other systems, such as yeast and human liver, mRNA 
and protein levels show poor correlation (17, 18). Proteomics is 
a complementary tool for assessing global changes in cellular 
protein expression, thereby providing additional insight into 
cellular signal regulation. A proteomic approach has proven 
useful in different systems tor dissecting signal transduction 
cascades and describing their output (19, 20) and has even 
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recently been used to detect novel upstream messengers in- 
volved in LPS signal transduction (21). We have applied DNA 
microarrays and proteomics to define and compare transcrip- 
tional and post-transcriptional alterations in the LPS-exposed 
PMN and to establish the dependence of these alterations on 
p38 MAPK signaling. 

EXPERIMENTAL PROCEDURES 

Materials— Endotoxin- free* reagents and plastics wore used in all 
experiments. Aprotinin, leupeptin, AKBSF, E-64, pepstatin, and nysta- 
tin protease inhibitors, spermine HC1, and a-cyano-4-hydroxycinnamic 
add (CHCA) were all purchased from Sigma Chemical Co. (St. Louis, 
MO). SB203580, a p38 MAPK inhibitor, was purchased from Calbio- 
chem-Novabiochem Corp. (San Diego, CA). For two-dimensional PAGE, 
rehydration buffer, equilibration buffers, vertical electrophoresis solu- 
tions, and 10% homogeneous poly aery 1 amide slab gels were purchased 
from Genomic Solutions, Inc. (GSI, Ann Arbor, Ml), Sequencing grade 
porcine trypsin was purcliased from Promega (Madison, WI). 

LPS /rw/xoation^PMNa were isolated by the plasma Percoll method 
(22), a technique that yields less tlian 6% monocytic contamination, and 
resuspended at a concentration of 15.4 X 10°/ml in KPMI 1640 culture 
medium (BioWhittaker, Watkersville, MD) supplemented with 10 him 
HEPES (pH 7.6) and 1% heat-inactivated platelet-poor plasma. After 
addition of 100 ng/ml Escherichia coli 01 .11-34 LPS (List Biological), 
incubation was carried out with continuous rotation (4 h, 37 *C) both in 
the presence and absence of SB203680. Both Affymetrix analysis and 
proteomic analysis utilized 75 X 10° cells. For microarray analysis, 
nonstimulated and 4-h-treated PMNs were collected from three sepa- 
rate donora. A more detailed time courae following LPS exposure waa 
performed using polymerase chain reaction. For proteomic analysis, 
LPS incubations from separate donors (n. - 6) were performed and then 
analyzed individually. Control and post-LPS incubation PMNs were 
washed (0.34 M sucrose/1 mM EDTA/10 mM Tris) and then bysed in a 
modified rehydration buffer (GSI, Ann Arbor, Ml) supplemented with 2 
M thiourea, 50 mM dithiothreitol (DTD, 22.6 mM spermine HCl, and a 
mixture of a« protease inhibitors (10 t^/ml aprotinin, 10 ngfmi leupep- 
tin, 2 mM AEBSF, 5 pM E-64, 1 /im pepstatin, 10 um beatatin). DNA was 
pelleted by centrifugntum at 250,000 X g for 60 min (23). 

Asymetrix Oligonucleotide Array— Five, micrograms of total RNA waa 
isolated with TRlzol (Invitrogen) and RNeasy columns (Qiagen) and 
subsequently labeled with biotin sa described by Affymetrix. Briefly, 
first-strand synthesis waa accomplished with Superscript II reverse tran- 
scriptase (Invitrogen) using a r r7-oligo(trr) 24 primer for 1 h at 42 S C 
followed by second-strand synthesis using E. coli DNA polymerase I and 
RNase H (Invitrogen) at 16 °C for 2 h. Double-stranded DNA waa used as 
a template for in vitro transcription with Vt RNA polymerase in the 
presence of biotin-labeled IJTP and CTP using the BioArray High Yield 
RNA transcript labeling kit (Enzo). Fifteen micrograms of cRNA was 
fragmented and used for hybridization to Affymetrix HuGene 6800FL 
Genechipa. Each sample waa hybridized initially using a Test2 Genechjp 
to test for aample degradation and full-length in vitro translation. Data 
were analyzed using Alrymetrix Genechip software. Results from three 
separate donora were analyzed. 

Reverse Trrtnscription and Polymerase Chain Reaction— <X)N A was 
prepared by reverse transcription using 2 /ig total RNA, derived from 
20 X 1.0* cells that were treated nn indicated. Polymerase chain reac- 
tions were performed using specific primers for Mxl, TNF-a, MCP-1, 
p65 t S100A4, and glyceraldehyde-S-phoaphate dehydrogenase. 

Two-dimensional PAGE— Thz protein concentration of the lysates 
was measured as described by Bradford et al. (24). Poor isoelectric 
focusing (IEF) results were encountered unless the porycationic sperm- 
ine was diluted (data not shown); therefore, lysates were diluted with 
rehydration buffer (GSI, Ann Arbor, MI) to achieve a final spermine 
concentration of 6 mM. Equal protein loads (1.6 mg) of control and 
LPS-stimulated neutrophils were used to rehydrate TEF gels overnight 
(18 cm, pH 3-10 nonlinear tmmbbiline DryStrip IEF gels, Amersham 
Biosciences; Piscataway, NJ). IEF was performed at 20 °C to 100-kVh 
(Phaser, GST) under mineral oil, followed by two 10-min SD9 equilibra- 
tion steps (DTT and then iodoacetamide-contiining equilibration buff- 
ers, GSI) and then by vertical electrophoresis on 10% homogeneous 
polyacrylamidc Blab gels (GSI) at GOO V. Protein spots were visualized 
by agitation in colloidal Coomasaie Brilliant Blue G-250 (16 h) (25), 
followed by destaining in deionized water (20 h). In separate experi- 
ments, control and LPS-stimulated PMN lysates from three donors 
were pooled and then analyzed by two-dimensional PAGE using over- 
lapping narrow isoelectric point (pi) ranges (18 cm, pH 6.0-6.0, 6.5- 



6.7, and 6-11, Ameraham Biosciences, Piscataway, NJ). Identical IEF 
and vertical electrophoresis parameters were used for all gels. 

Image Analysis of Two-dimensionJil Gels— Colloidal Coomassie- 
Btained gels were digitized using a Powerlook II (UMAX Data Systems, 
Inc., Taiwan) flatbed scanner with 8-bit dynamic range and lSO^dpl 
resolution. Biolmage (GSI, Ann Arbor, MI) 2D-Analyzer software was 
used to locate, quantitate, and match protein spots on the control and 
LPS gel images. Analysis was performed by assigning 60 common 
anchor spots between paired images; the remaining spots were com- 
pared by a consteUntion-matching algorithm. All data were then care- 
fully reviewed by the operator to account for any discrepancies. Protein 
loading between control and experimental gels may have varied be- 
cause of inconsistencies in rehydration of the different IEF gel strips; 
therefore, gel images were normalized so that the sum of the integrated 
intensities of all matched spots on paired gels was made equaL Control 
and Unstimulated gel images from individual donor experiments 
were matched to generate composite images; composite images were 
then matched into a master composite image to track the LPS response 
of protein spots among different donora (26). Only those spots that were 
common (image-matched) to all original 12 (pH 3.0-10.0) gels were 
considered for further analysis. For these spots, the LPS-indnced 
change in integrated intensity in the six experiments was subjected to 
statistical analysis with a two-tailed Student's t test, and those spots 
withp < 0.06 were identified by peptide mass fingerprinting (described 
below). For the narrow range (pH 6.0-6.0, 5.5-6.7, and 6-11) two- 
dimensional PAGE experiments using pooled donors, only those epota 
with concordant regulation exceeding 1.6-fold or that appeared denovo 
in the LPS gel in two repeat experiments were further analyzed. 

Ingel Tryptic Digestion— In-gel digestion of protein spots was per- 
formed with sequencing grade porcine-modified trypsin using the 
method of Hellman et al. (27). Tryptic peptides were then extracted (60 
pi of 50% acetonitrile/6% trifluoroacetic acid, 2 h), and the supernatant 
was taken to dryness in a vacuum centrifuge and then redissolved in 
trifluoroacetic acid (20 ul, 0.6%). Peptides were then purified and con- 
centrated using ZipTip cia pipette tips (Milliporc, Bedford, MA). 

MALDl-TOF Mass Spectrometry— Analyses were performed on an 
Applied Biosystems matrix-assisted laser desorption ionization time-of- 
fiight (MALDI-TOF) Voyager-DE PRO mass spectrometer (Framing- 
ham, MA) operated in delayed extraction mode. Samples (0.6 pi) were 
spotted onto a sample plate to which matrix (0.5 uJ of 10 mgfajJ CHCA) 
was added. The sample-matrix mixture waa dried at room temperature 
and then analyzed in reflector mode. CHCA was also spotted alone as a 
negative control Spectra were the «mn of 100 laser shots, and those 
peaks with a signal-to-noise ratio of greater than 3:1 were selected for 
data base searching. Spectra were internally calibrated using autolytic 
trypsin peptides (m/z 842.61, 2211.10). 

Data Base Searching Algorithm— The monoisotopic masses for each 
protonated peptide were: (a) entered into the program MS-Fit (available 
at prospector.ucsf.edu) for searches against the Swiss-Prot, NCBI, 
and GenPept databases, and (b) entered into Mascot (available at 
rnatrixscience.com), an algorithm testing statistical significance of pep- 
tide mass fingerprinting identifications. For MS-Fit searches, masses 
derived from trypsin, CHCA, keratin, and Coomassie Brilliant Blue 
G-250 were excluded. Search parameters included a maximum allowed 
peptide mass error of 0. 1 Da (0.8 Da in the few instances in which lincar 
mode was used), consideration of one incomplete cleavage per peptide, 
pi range of 8.0-10.0, and molecular mass range of 1-200 kDa. Accepted 
modifications included carbamidomethylation of cysteine residues 
(from iodoacetamide exposure following IEF) (28) and methionine oxi- 
dation, a common modification occurring during SDS-PAGE (29). Pro- 
tein identifications were assigned when three criteria were met: 1) 
statistical significance (p < 0.05) of the match when tested by Mascot 
(matrixecience.com); 2) >20% sequence coverage by the tryptic pep- 
tides; end 8) concordance (±16%) with the molecular weight and pi of 
the parent two-dimensional PAGE protein spot. The following special 
exceptions were considered: (a) protein identifications not fulfilling 
criterion 2 were still assigned if criteria 1 and 3 were fulfilled and no 
other Homo sapiens proteins with peptide mass-matched p values < 
0.05 were identified by Mascot; Kb) if criterion 3 was not fulfilled (lower 
than expected molecular weight), a cleavage product of the identified 
protein was inferred, and the cumulative molecular weight of the tryptic 
peptides was compared with that of the two-dimensional-PAGE spot to 
ensure that it was not exceeded; (c) if criterion 3 was not fulfilled (isolated 
discordance between theoretical and observed pi), post-translational mod- 
ification of an iinrecovered peptide was inferred; and (d) if two or more//. 
sapiens protein assignments with >4 mutually exclusive matching pep- 
tides were identified, a protein mixture in the two-dimensional PAGE 
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Bpot was inferred and further analysis halted (quantitative conduaions 
regarding the individual protein constituents could not l>e drawn). 

RESULTS 

Genes Differentially Expressed in LPS-stimulated Neutro- 
phils— Human PMNs were left untreated or incubated in the 
presence of 100 ng/rnl LPS for 4 h. As a control to confirm that 
the PMNs were quiescent at baseline and that LPS resulted in 
normal stimulation, mRNA was isolated, cDNA was prepared, 
and PC# for TNF-a was performed. Little TNF-a expression 
was seen in nonstimulated cells, whereas LPS treatment led to 
an increase in expression in each of the donors subsequently 
used for microarray analysis (data not shown). No macrophage- 
colony stimulating factor receptor transcript was detected by 
oligonucleotide microarray analysis, confirming there was no 
significant monocytic contamination. 

Human PMNs express a limited repertoire of mRNA tran- 
scripts at baseline but respond to LPS with differential expres- 
sion of genes in many families. Considering only those genes 
present by microarray analysis in all three donors, unstimu- 
lated PMNs expressed 13.0% (923 of 7070 genes) of the Af- 
fymetrix gene set. Gene classes represented at baseline include 
metabolic enzymes, structural proteins, receptors, signaling 
proteins, and transcription factors. By comparison, human 
monocytes expressed -40% and human fibroblasts -35% of the 
represented genes (data not shown). By the criterion of a >3~ 
fold increase in expression in all three donors on Affymetrix 
oligonucleotide array analysis, exposure of PMNs to LPS for 4 h 
resulted in the up-regulation of 100 genes (Table I). 

Genes from several different functional classes were induced 
in PMNs following LPS exposure. Of interest, a number of 
transcriptional regulators were induced, including transcrip- 
tion factors of the NF-«B family. The transcriptional NF-kB 
complex has previously been implicated in the regulation of the 
genes induced by LPS (11). The genes for several cytokines and 
chemokines were also found to be up-regulated. These include 
TNF-a, IL-lfr IL-S t MCP-1, MIP-3a, nnd MIP-1& (Table I). 
PCR was performed to confirm the results from the microarray 
analysis. PCR analysis on selected genes indicates that the 
time course for changes can be rapid or delayed but parallel the 
changes found in the array at the 4-h time point (data not 
shown). Other up-regulated genes included those for metabolic 
enzymes, immune response molecules, kinases, phosphatases, 
signaling molecules, adhesion and cytoskeletal components, 
interferon-stiinulated genes, and those with unknown or mis- 
cellaneous function (Table I). 

LPS stimulation of PMN also resulted in the down-regula- 
tion of 56 genes (Table II). Down-regulated genes were identi- 
fied as transcriptional regulators, protein and lipid kinases and 
phosphatases, structural molecules, and signaling molecules. 
Genes for metabolic proteins were also evident, as were several 
uncharacterized genes. 

Two-dimensional PAGE and Image Analysis—in contrast to 
the limited number of transcripts found at baseline, PMNs 
were found to express a large number and variety of proteins in 
the nonstimulated state (Fig. 1, A and C, and Tables tfl-V). 
Reproducible protein expression patterns were found on the pH 
3.0-10.0 gels, and the majority of proteins fell in the pH 5.0- 
7.0 range (Pig. 1A). The basic region (pH > 7.0) consistently 
exhibited poor resolution, precluding meaningful image analy- 
sis and further workup (data not shown). Depending on the 
spot-finding parameters (minimum spot intensity, filter width) 
selected on the image analysis software, spot-by-spot manual 
editing was found to be necessary to avoid over- and underde- 
tected spots; moreover, further manual editing was performed 
to screen for unmatched and mismatched spots following 
matching of paired control and LPS-stimulated gels. After spot 
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editing, -1200 well-resolved spots were evident on each pH 
3.0-10.0 gel. In an attempt to improve resolution of the pi 
range bearing the greatest number of well-resolved spots, over- 
lapping narrow pH range gels (pH 5.0-6.0, 5.5-6.7, 6-11) were 
also run. Of interest, a similar number of well-resolved spots 
(-1200) were detected on the narrow pH range gels (Fig. 1, C 
and D). Assuming a detection limit for Coomassie of 15 ng (0.25 
pmol, or 1.5 X 10 u molecules, for a 60-kDa protein) and a 
protein load per gel corresponding to 75 X 10 6 PMNs, we 
estimate a detection limit on our gels of 2000 molecules/cell for 
a 60-kDa protein. As investigators have suggested in other cell 
lines with the use of high resolution two-dimensional-PAGE 
methods (30), we estimate that > 10,000 proteins are expressed 
in the resting PMN. 

Human PMNb respond to LPS with the differential expres- 
sion of a large number of proteins. In the six individual pH 
3.0-10.0 experiments, the number of protein spots that in- 
creased in integrated intensity by at least 50% following LPS 
exposure was 185, 122, 104, 104, 96, and 131, respectively. The 
number of protein spots that decreased by at least 50% follow- 
ing LPS exposure was 72, 151, 102, 98, 128, and 97, respec- 
tively. Although gel-to-gel regional variability in resolution was 
expected to account for individual spots not being well visual- 
ized on particular gels, only those spots that were matched to 
nil 12 original gels were analyzed further. Overall, the number 
of spots matched to all 12 original gels was 125. The numbers 
of spots that were both matched to all 12 original gels and th at 
increased by at least 50% in integrated intensity in the indi- 
vidual experiments following LPS exposure were 46, 13, 17, 27, 
22, and 20, respectively. The numbers of spots that were 
matched to all 12 gels and that decreased by at least 50% were 
6, 22, 17, 22, 34, and 28, respectively. The LPS-induced change 
in integrated intensify of the 125 spots that were matched to all 
12 original gels was subjected to statistical analysis with a 
two-tailed Student's t test, and those spots with statistically, 
significant (p < 0.05) regulation among the six experiments 
were identified by peptide mass fingerprinting (Table IH). 

Identification of LPS-regulated Proteins— Several proteins 
were consistently up-regulated on the pH 3.0-10.0 gels (Table 
HI), including regulators of inflammation (annexin HI) and 
signaling molecules (Rab-GDP dissociation inhibitor 0). Sev- 
eral actin fragments were seen to be consistently up-regulated 
in the six experiments following LPS exposure (Table HI). Of 
interest, the proteasome 0 chain was also consistently up- 
regulated. Down-regulated proteins included other signaling 
molecules, such as Rho GTPase activating protein 1. 

On the pH 5.0-6.0 and 5.5-6.7 gels, several proteins were 
found to show increases of greater than 1.5-fold following LPS 
exposure (Tables IV and V), including cytoskeletal proteins, 
such as moesin, nonmuscle myosin heavy chain, and a putative 
phosphorylated form of nonmuscle myosin heavy chain, and 
signaling molecules, such as protein phosphatase 1 and P0 4 - 
stathmin. The putative phosphorylated form of nonmuscle my- 
osin heavy chain {spot #i 101) was positioned 0.03 pH unit more 
acidic than the unmodified protein (spot #1102) (Fig. ID) and 
was distinguished by a tryptic peptide (mfz 1366.74) not pres- 
ent in the unmodified protein, consistent with phosphorylation 
of serine 685. Serine 685 is predicted by NetPhos 2.0 Prediction 
Server (available at www.cbs.dtu.dk/services/NetPhos/(31)) to 
be a high probability phosphorylation residue and by Scan- 
Prosite (www.expasy.ch/tools/scnpsite.html) to be a substrate 
for protein kinase C. The tryptic phosphopeptide identified in 
P0 4 -stathmin, extending from residues 15 to 27 (1468.7 Da), is 
consistent with phosphorylation of either serine 16, a known 
substrate for Ca 2 7calmodulin (CaM)-dependent kinases (32), 
or serine 25, a known substrate for p385 and ERK (Fig. 2A) 
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Table I 

Human neutrophil genes induced after 4 k of LPS exposure 



GenBunk™ no. 



Chtuige-fbld 



Transcriptional regulation 
Pleomorphic adenoma gene like 2 
NFKB2 
NFKB1E 
p65 
BCL3 

X box binding protein 1 

Metal-regulatory transcription factor 1 

Eta -2 

c-Hel 

NFKB1 

Basic leucine zipper transcription factor. ATF-like 
1KB 

hiAX dimerization protein 
OIF2 

Cytokines and receptors 
MCP1 

cxHelix coiled-coil rod homolog 
IL-lfi 

GRQ3 (beta) 

TNFa 

M1P-3,, 

ILIORA 

IL-6 

GROa 

mm 

Immune response 
Orosomucoid 

Complement component C3 

Protease inhibitor 9 

Complement component 3a receptor 1 

Protease inhibitor 3 

S/J^/antileukoprotease 

ELANH2MnsUisc inhibitor 

CD58 

Complement component PFC 

Kinases 
CNKf FNKIPLK4ike 
Cot 
Pim-2 
LIMK2 

Phosphatases 
PAC-1/DUSP2 
DUSP5 
PHA1 

Signaling molecules 
TNFAIPUA2Q 
VRAFl 
RanBP2 
GNAIS 
PTAFR 

Adhesion and cytoskeleton 
ICAM1 

CKACAMl (bilary glycoprotein) 
UMS1 

SW/Vactin bundling protein 

Galectin-1 ILGALS1 

MEMDIALCAM 

CD44 

TSG-6 

Metabolic 
GTP cyclohydrolase 1 
•VZ> (//^/ubiquinone reductase 
PSAM6/(protcosome iotu) 
tiDP-ga lactose transporter (SLC35A2) 
PLAU (urokinase) 
/OWU/o-kynurenine hydrolase 
AMPD3 

P4HAJ/xsro\y\ 4-hydroxyiasc 
y Glutamylcvsleine synthetase 
ATP6D 
ATP6S1 



D83784 
S7G638 
U91616 
L19067 
U05681 
M31627 
X78710 
J04102 
X75042 
M58603 
U15460 
M69043 
L06695 
S81914 



M69203 

M72885 

AF014958 

X04500 

M57731 

X02910 

U64197 

U00672 

Y00081 

X54489 

D10923 



X02544 
K02765 
U71364 
U28488 
L10343 
XO4470 
M9305G 
Y00636 
M83652 



U56998 
D 14497 
U77735 
. D45906 



LI 1329 
U15932 
U73477 



M59465 
U19261 
D42063 
M63904 
D10202 



M24283 
X16354 
U09284 
U03057 
M57710 
U30999 

HG2981— HT3125 
M31165 

U19523 
M22538 
X59417 
D84454 
X02419 
U57721 
D12775 
M24486 
L35546 
J05682 
D16469 



16.8 
12.3 
11.5 
8.4 
7.7 
7.5 
7.4 
7.4 
6.2 
6.8 
4.7 
3.8 
3.6 
3.1 



78.7 
48.8 
20.8 
17.6 
17.3 
14.5 
8.1 
7.3 
6.3 
4 

3.8 



20.2 
12.S 
9.5 
6.1 
4.9 
4.7 
4.G 
3.8 
3.5 



16,2 
11.9 

9.5 
4.3 



11.8 

5.3 
3.4 



10 

6.2 
5.6 
5.2 
3.9 



22.4 
6.3 
6.1 
5.9 
4.7 
4.2 
3.9 
3.7 



13.5 
8.6 
8.4 
7.3 
6.4 
5.5 
5 

4.7 
4.5 
4.2 
4 
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Tabus i— continued 



Description 



GenBank 1 * no. 



Glycerol kinase 

PAChl 

AK3 

Interferon -inducible 
TSG15 
Mxl 
IFISfJ 
INDO 
GBPI 
PKKR 
IFIT4 
IFI54 
IF15B 
rFP35 

Other 

Gos2 

mncijAPi 

KIAA0105 

fOAAOHS 

SNAP23 

CASP5 

IOAA0U3 

KIAA0265 

Hepatomd-derived GF 

PTGS2 

CD48 

UNCI 29 hamolog 

KIAA0151 

Rablb 

Annexin VI] 

KIAAOUO 

Adrenomedullin 

AIM1 

KIAA0250 

P5~l 

Scavenger receptor expressed by endothelial cells 



Chung &-fold 



X68285 
1X19229 
X60673 



M13755 
M33BS2 
M24594 
M34455 
M55542 
U50648 
U52513 
M14G60 
U34605 
U72882 



M72885 

U37546 

D14661 

D42087 

U55936 

U28015 

D30755 

D87444 

D1G431 

D28235 

M37766 

U40998 

D63485 

XM0356G0 

J04543 

D14811 

D14874 

U83115 

D37437 

L06175 

D63483 

L15409 



3.6 
3.5 
3.3 



22.5 
19.4 
12.1 
6.2 
4.3 
3.7 
3.6 
3.5 
3.5 
3 



48.8 
7.2 
5.1 
5 
5 

4.8 
4.3 
4.7 
4.7 
4.6 
4.3 
4.2 
3.9 
3.8 
3.7 
3.7 
3.7 
3.6 
3.2 
8.2 
3.2 
3.1 



(33). Assuming that no other multiply phosphorylated stath- 
min species had escaped detection, analysis of the integrated 
intensities of the P0 4 -stathmin and stathmin spots indicates 
that the percentage of the P0 4 form of total cellular stathmin 
increased from 11% to 38% with LPS stimulation (Fig. 2B). 
This is similar to a previous report of an increase from <10% to 
35-40% of the Ser^-phosphorylated form in Jurkat cells stim- 
ulated with anti-CD3 (34). 

Effect of SB203580 on LPS stimulated Gene Expression— 
Gene expression analysis of PMNs stimulated with LPS indi- 
cated that the majority of genes induced by LPS were unaf- 
fected by prior treatment of PMN with SB203680. Of the 100 
genes up-regulated by LPS, the up-regulation of 23 was inhib- 
ited by greater than 40% (Table VI). The majority of these 
genes affected by SB203580 were inhibited by less than 60%, 
whereas only six were inhibited by greater than 60%, all of 
which represent previously identified interferon-stimulnted 
genes. Induction of cytokine genes by LPS, with the exception 
of XL -6, was generally unaffected by SB203580. 

Effect of SB203580 on LPS- stimulated Protein Expressiotv- 
Similar to the effect of SB203580 on LPS-stiinulated gene 
expression, little effect of SB203580 was seen on expression 
levels for the majority of LPS-regulated proteins (Table VII). 
Two exceptions are annexin III and a-enolase, for which LPS- 
stimulated expression was attenuated in the presence of the 
p38 MAPK inhibitor. 

Comparison of Microarray and Proteomics Results— Of the 
LPS-regulated proteins identified by peptide mass fingerprint- 
ing for which probes were present on the oligonucleotide mi- 
croarray, poor concordance was found at the mRNA level (Table 
VIII). For 13 LPS- up -regulated proteins, 2 corresponding 



mRNA transcripts were up-regulated, 1 was down-regulated, 5 
were unchanged, and 5 were not detected by the Affymetrix 
chip. For 5 down-regulated proteins, 3 corresponding tran- 
senpte were down-regulated, 1 was unchanged, and 1 was not 
detected. Varying patterns of LPS regulation emerge for those 
candidates detected at both the transcript and protein level. 
Proteasome 0 chain was up-regulated at both the transcript 
and protein levels (Table VEI), with no notable effect of 
SB203580 on expression at either level. Similarly, CAPl, Rho- 
, GAP1, and ficolin 1 were down-regulated at both the mRNA 
transcript and protein level (Table VIII), with no notable effect 
of SB203580. Annexin III was down-regulated at the transcript 
level and up-regulated at the protein level, with an inhibitory 
effect of SB203580 seen only at the protein level (Tables VII 
and VEI). 

DISCUSSION 

Interaction of bacterial LPS with the human PMN repre- 
sents a model system for studying the activation and output of 
the innate immune system during infection and inflammation. 
A recent publication (35) describes the gene expression changes 
of a cultured monocytic cell line after infection by the Gram- 
positive bacterium Listeria monocytogenes. The cell wall com- 
ponents of Gram-positive bacteria, like Gram-negative-derived 
LPS (i.e. from E. coli) % are known to signal through TLRs (36, 
37). Importantly, many of the expression changes found in 
LPS-stimulated PMNs in the present study were also described 
in the bacteria-exposed monocytic cells, indicating that many of 
the gene expression changes seen in bacterial infection are 
likely mediated by TLRs (38, 39) and that the LPS model 
system accurately reflects exposure of immune cells to infec- 
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Table II 

Human neutrophil genes repressed Qi-fold) after 4 k of LPS exposure 



GcnBurik™ no. 



Change 



Kinases 
CAMK II. gamma 
Diacyiglycerol kinase, delta 
PRKCL2/PJLK2 protein kinase C-like 2 
MAPICAPia 

Protein kinase Ht3l, eAMP-dependent 
CAMK II 

Transporters 
SLC25A5/Bo]ute carrier family 25, member 5 
SIX!I9Al; folate transporter 
SLC2A3\ facilitated glucose transporter 

Metabolic 
Carbonic anhydrase TV 
RNase A family, kB 
Glycogen phosphorylcse; liver 
Inositol polyphosphti te.-5-ph ospkatase 
Inositol 1,3,4-trisphosphate 5/6-kinase 
Transketolase 

Protein phospliatase 4 t reg. eubunit I (clone 23840) 

Cytidine deaminase 

MGATJ 

HMOX1 

MAN2A2 

Glycogenin (also represents U31525) 

Structural 
Fibrinogen-like protein (pT48 protein) 
H2AFZ 
Paxillin 
Ijamin H R 
Dynamin 2 
Actinin 1 
a-Tubulm 

Tubulin, al, isoforra 44 

Transcriptional regulators 
Ijymplmblastic. leukemia-derived sequence 1 
MAX-interaciing protein 1 
Nuclear factor crythroid 2 isoform f 
Transducer of ERBB2 1 
UFATC4 
ATF-2 iCRE-Bpai 

Receptors 
Lympkotoxin p receptor 
Folate receptor 3 (gamma) 



Signaling 
Pixa; cool-2 (KIAA0006) 
AKf/B/RhoB 
TNFSF10; TRAIL 

Ca tt+ binding 
ANXIT 
S100A4 
ANXi 

Other 
Proteulipid protein 2 

Protein phosphatase /, a cam lytic subunit 

TIMP2 

KIAA0199 

Lipin 2 (KIAA0249) 

LRMPUuvfl) 

CUGBP2 

Clone 23933 

PECAM1 

Delta sleep-inducing peptide 

DiGeorge synrl critical region gene 2 (KIAA0163) 
SELPLG: CD262; selectin P ligand 



U50360 
D63479 
U33052 
U09578 

HG2167-HT2237 
L07044 



J02663 
U17566 
M20681 



L10955 
U64998 
M14636 
1157650 
U51336 
L12711 
U79267 
L27943 
M55621 
X06985 
I>28821 

HG4334-HT4604 

Z36531 
M37583 
U14568 
L2G931 
U6983 
M95178 
X01703 

HG226SMIT2348 

M22638 
L07648 
S77763 
D38305 
L41067 
L0551.5 



L04270 
U08471 
U 11875 

D25304 
M12I74 
U37518 



LI 9605 
M80563 
X05908 

1.09604 

HG1614-HT1614 

M32304 

D83782 

D87436 

U 10485 

U69548 

U79273 

L34657 

Z50781 

D79985 

U25956 



•fold 

-4 

-4.2 

-4.3 

-6.3 

-8 

-9.8 



-4.2 
-4.4 
-5 



-4.4 
-4.5 
-4.6 
-4.6 
-4.7 
-4.8 
-4.9 
-5.4 
-5.4 
-5.4 
-5.8 
-5.9 



-4.2 
-4.7 
-4.9 
-5.9 
-6.2 
-6.7 

-10 

-15 



-4.4 

-4.5 

-6 

-6.9 

-7.8 

-9.6 



-4.4 

-5 

-5.3 



-4.5 
-4.5 
-6.6 



-4.3 
-4.8 
-4.8 



-4.9 
-5 
-5.1 
-5.2 
-5.6 
-5.8 
-6.9 
-7 
-8 
-8.7 
-9 
-32 



tion. Nevertheless, the reliance upon DNA microarrays alone 
affords insight only into the transcriptional response without 
corroboration at the protein level. In the present study, appli- 



cation of both DNA microarray and proteomics technology to 
our model sj'stem provides unique insight into both the cellular 
biology of the activated PMN and the responsiveness and reg- 
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FiG. 1. Two-dimensional PAGE of LPS- exposed human PMNs. 

A and B, colloidal Coomassie Blue-tstained pH 3.0-10.0 two-dimen- 
sional PAGE gels (A, control; B, LPS-exposed) with up-regulated (solid 
arnnvs) and down-rcgulatcd {hatched arrows) proteins indicated. These 
results are representative of six separate experiments. C and D colloi- 
dal Coomfiseie Blue-stained pH 6.0-6.0, two-dimensional PAGE gels 
<C control; D, LPS-exposed) with up-regulated (solid arrows) new 
{solid arrow, open arrowhead), and down- rcgu luted (hatched arrows) 
proteins indicated. UPS-exposed PMNs from three blood donors were 
pooled. 



ulation of its transcriptional and translational machinery. As 
will be discussed below, our study identifies, in particular, 
novel aspects of the LPS-stimulated PMN transcriptional reg- 
ulation, activity in the innate immune response, signaling, 
cytoskeletal reorganization, and priming for granule release. ' 

In the present study, the increase in NF-kB transcript abun- 
dance (Table I) detected by the microarrays corroborates the 
findings of other studies of PMNs and monocytes (40) and 
indicates a mechanism for the responsiveness and scope of the 
PMN transcriptional machinery following LPS exposure. NF- 
kB, recently described to be activated by LPS through the 
TLR/MyD88rtnterleukin-l receptor-associated kinase pathway 
(1, 4), is the only transcriptional complex reported to be in- 
duced by LPS in the PMN. However, because the transcrip- 
tional NF-kB complex has been implicated in the regulation of 
only a portion of the genes induced by LPS in this study (data 
not shown), the importance of alternative transcriptional reg- 
ulators in the PMN is clear. Of interest, several other known 
and putative transcriptional regulators with less well defined 
functions were also up-regulated in the present study, includ- 
ing PLAGL2, a putative zinc-finger protein, XBP l, MTF-l t 
Ets-2, B-ATF , and DIF-2. On the other hand, LPS-down-regu- 
lated genes include ATF-2 (a known target of p38), NFATC4 
TOB-1, NF-E2, MXl-1, and LYL-1. Although the exact role of 
these gene products in regulating cell function is unknown, 
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these data indicate that the range of transcriptional responses 
in the LPS-stimulated PMN is much broader than previously 
suggested and that the signaling capabilities of the PMN in the 
immune response are thereby likely extended in scope and 
specificity. 

As expected from the literature, the genes for several cyto- 
kines and chemokines, including Il^lfr IL-6, and MTP-lp, were 
found to be up-regulated (Table I). On the other hand, the 
notable absence of up-regulated cytokines in the proteomics 
experiments reflects their removal in the post-LPS incubation 
wash performed prior to lysis for two-dimensional-PAGE. Up- 
regulation of these inflammatory mediators is well documented 
in PMNs exposed to LPS and in animal models of LPS-induced 
sepsis syndrome and acute respiratory distress syndrome a 
PMN-mediated illness (41, 42). Several genes in this family 
were up-regulated that have not, to our knowledge, been de- 
scribed in LPS-stimulated cells, including MCP-l, GR03, 
IL-10RA, and HM74, an orphan G protein-coupled receptor 
Z^l™ 10 ^ to chemo ^ e receptors. The down-regulation of 
TNFSF10, lyrnphotoxin b receptor, and TNFAIP1 were also 
observed. The modulation of genes involved in cytokine signal- 
ing, including the adapter molecules TRAFl (LPS and TNF 
receptor signaling) and TNFAEPl (TNF receptor signaling) and 
several kinases and phosphatases, may indicate a change in 
cytokine responsiveness after LPS treatment Relevant in this 
regard from the proteomics data are: 1) the up-regulation of 
protein phosphatase 1, which has been shown to regulate PMN 
NADPH oxidase activation and translocation (43, 44) and to 
regulate LPS-induced NF-kB activation (46); 2) the down-reg- 
ulation of Rho-GAPl, which has been shown to regulate 
NADPH oxidase activity in the PMN (46); and 3) the up- 
regulation of PO,-stathmin (Table IV), a phosphoprotein pos- 
tulated to function as a relayer and integrator of multiple 
signal transduction pathways (34). Several noncytokine 
nonchemokine genes involved in the immune response were 
also up-regulated, including the complement pathway mem- 
bers C3 t C3AR1, and PFC\ the protease inhibitors ELANH2 
(elastase inhibitor), SLPI, PL3 t and PI-9; and the acute phase 
protein orosomucoid. LPS regulation of C3AR1 and orosomu- 
coid expression have not previously been reported. In the pro- 
teomics experiments, the down-regulation of ficolin-1 (Table HI), 
a collectin-like cell surface protein reported to activate the com- 
plement system and to mediate adhesion and phagocytosis in 
monocytes but not previously reported in granulocytes (47), may 
represent negative modulation of the innate immune response 
The finding that genes other than cytokines and chemokines are 
regulated by the PMN in response to LPS indicates that the PMN 
plays a more sophisticated role in host-defense and immunity 
than previously thought. 

Treatment of the PMN with LPS lead to the induction of a set 
of genes associated with the anti-viral Type I interferons, 
IFNa/0. This induction occurs independently of the release of 
IFN or another unidentified soluble factor. 2 Furthermore, the 
set of genes expressed is smaller than that induced by IFNa/0 
as described by Der et al. (12). This may be due to differences in 
the scope of the signaling systems activated by LPS and 
IFNae/0, or the time course of analysis of genes in the LPS- 
stimulated PMN. The implication that LPS treatment of PMN 
allows PMN to express anti-viral activity is currently being 
tested. Of interest was the finding that induction of interfcron- 
stimulated genes was blocked by pretreatment of PMNs with 
SB203580. Work from our laboratory has indicated that signal 
transducers and activators of transcription activation does not 
occur in response to LPS in PMNs. 2 In addition, interferon- 



! K. C. Malcolm and G. 8. Worthen, manuscript in preparation. 
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Tabus in 

Analysis of pH 3.0-10.0 two-dimensional PAGE gels 
Mean changet-fold) in expression level among aix PMN donors is reported. The change in expression for the proteins listed was statistically 
significant ip < 0.05) as measured by a two-tailed Students (test. 



Identification [spot no.} 


Swias-Prot no. 


Estimated 


Theoretical 


Peptides matched/ 


Protein 
covered 


Mean 
change 












% 


fold 


Up-regulated 














Prnteasome /J chain 1646] 


P28070 


27/5,7 


29.2/5.72 


9/12(75%) 


36% 


1.51 


Annexin III [550] 


P12429 


31/5.7 


36.4/5.6 


14/18 (78%) 


42% 


1.37 


Actin fragment (5441° 


P02570 


32/5.5 


(41.7/5.29) 


13/15 (87%) 


(34%) 


1.74 


Actin fragment [59lj d 


P02570 


30/5.4 


(41.7/5.29) 


14/18 (78%) 


(29%) 


1.60 


a-Knolase 1380] 


P06733 


41/5.7 


47.2/7.01 


9/10 (90%) 


24% 


1.65 


Rub-GDP dissociation inhibitor 0 (289] 


P50395 


50/6.1 


50.7/6.11 


10/11 (91%) 


25% 


1.24 


Glutathione 5-traiisfera.se P [648] 


P09211 


23/5.5 


23.4/5.43 


6/8 (75%) 


41% 


1.54 


Pre-B-cell colony enhancing factor [1152] 


P43490 


53/7.0 


55.5/6.69 


12/16 (75%) 


25% 


1.29 


Down -regulated 














Adenylyl cyclase-associated protein 1 [256] 


Q01518 


55/7.3 


51.7/8.07 


16/22 (73%) 


34% 


0.53 


Rho-GAPl [283] 


Q07960 


50/5.8 


50.4/5.85 


7/9 (78%) 


22% 


0.67 


Ficolin 1 [511] 


000602 


33/6.5 


35/6.39 


10/12 (83%) 


26% 


0.74 



° The theoretical pi and M R of native actin are indicated. Protein coverage indicates coverage of native actin. 



Table IV 

Analysis of pH 5.0-6.0 two-dimensional PAGE gels 
Results are from pooled samples for control (n-3) and LPS-exposed (n ~ 3) PMNa from human donors. Expression of the reported proteins was 
altered > 1.5-fold following LPS exposure in two repeat experiments. "New* designates proteins seen in the LPS gel in two repeat experiments but 
not detectable in the corresponding control gels. 



Identification [spot uo.| 


Swiss-Prot 
no. 


Estimated 

M«fci 


Theoretical 
M K /pI 


Peptides matched/ 
submitted 


Protein 
covered 


Change 










% 


% 


■fold 


Up-regulated 














Protein- tyrosine kinase Mike [4681 


Q9Y3F5" 


34/5.81 


39.5/6.37 


10/14 (71%) 


34% 


1.8 


Protein phosphatase 1, catalytic subunit, J3 is o form 


P37140 


38/5.73 


37.2/5.84 


7/10 (70%) 


22% 


2.0 


[378] 








P0 4 -slathmin [5771 


P16949* 


18/5.36 


17.3/5.76 


9/12(75%) 


42% 


2.1* 


Nonmuscle myosin heavy chain [1102] 


189036" 


145/5.32 


145/5.23 


20/21 (95%) 


17% 


New 


Putative P0 4 -nonmuscle myosin heavy chain [1101] w 


189036 Ar 


145/5.29 


145/5.23 


14/16 (87%) 


13% 


New 


Leukocyte elastase inhibitor [318] 


P30740 


42/5.71 


42.7/5.9 


9/13 (69%) 


22% 


2.4 


Grancalcin [10041 


P28676 


24/5.36 


24.0/5.02 


7/10 (70%) 


31% 


New 


Do wn -regulated 














Adenosylhomocysteinase [324] 


P23526 


48/5.82 


47.7/6.04 


7/9 1.78%) 


14% 


0.4 


PEST phosphatase interacting protein homo log 1234K 


4100162' 


48/5.30 


47.675.35 


11/13 (85%) 


30% 


0,5 



" TrEMHL accession number. 

h Accession number and theoretical pi and M R for the unmodified protein are indicated. 
r ATCBI accession number. 
d See text for explanation. 

* Among three experiments, the rutio of P0 4 -stathmin expression increase, following LPS exposure in the presence of SB203580 divided by that 
in the absence of SB203580, was 0.93. 

f Genpept accession number. 

* This search was performed using average majsses measured by linear mode MALDI-TOF MS. 

Table V 

Analysis of pH 5.5-6. 7 two-dimensional PAGE gels 
Results are from pooled samples for control (n = 3) and LPS-cxposcd {n - 8) PMNs from human donors. Expression of the reported proteins wan 
altered >t. 5-fold following LPS exposure in two repeat experiments. 



Identification [spot no.] 


Swiss- Prot 
no. 


Estimated 


Theoretical 
M H /pI 


Peptides matched/ 
submitted 


Protein 
covered 


Change 










% 




-fubt 


Up-rcgulatcd 














Tnmsnldolase [475] 


P37837 


38/5.95 


37.5/6.36 


13/17 (76%) 


33% 


2.5 


Isocitrate dehydrogenase [4311 


075874 


46/6.25 


46.7/6.35 


7/7(100%) 


13% 


2.3 


Moesin [201| 


P26038 


61/6.09 


67.8/6.07 


11/13(85%) 


17% 


2.1 


a-Enolase [459] 


P06733 


43/5.64 


47.2/7.01 


7/10 (70%) 


17% 


3.8 


Down-regulatetl 














Colponin H2 [2401 


Q99439 


34/6.65 


33.7/6.94 


10/11 (90%) 


27% 


0.5 



regulatory factor 3 t a known regulator of interferon- stimulated 
gene transcription, is not a direct target of p38 kinase. 2 There- 
fore, gene expression analysis of LPS-stiniulated PMNs has 
uncovered a previously uncharacterized signal transduction 
system that is sensitive to inhibition of p38 MAPK. 

Knowledge of the genes down-regulated by LPS permits the . 



development of further hypotheses addressing PMN function in 
the face of infection. Strikingly, several down-regulated genes 
and gene products are structural in nature (e.g. paxillin, acti- 
nin, calponin 112) (Tables O and V). A known consequence to 
the PMN of LPS exposure is decreased motility (48). Up- regu- 
lation of genes for adhesion molecules (/CAM- J, CD44, AL- 



LPS-activated Neutrophils: Microarrays and Proteomics 



31299 



A 

! ! 



ASGQAFELILSPR 




Fig. 2. A, the predicted sequence of the tryptic phosphopeptide in 
P0 4 -atathmin (1468.72 Da). The peptide inaaa measured by MALDI- 
TOF MS and the predicted mass differed by 14 ppm. As indicated, two 
alternate phosphorylation sites are possible: serine 16 and serine 25. B, 
P0 4 -stathmin and stathmin were identified on the control and LPS- 
exposed pH 5.0-6.0 gels. Consistent with phosphorylation, the P0 4 - 
stathmin spot was distinguished by a peptide of mass 1468.72 Da (i.e. 
80 Da greater than the peptide of 1388.72 Da seen in the stathmin spot). 
Assuming that no other multiply phosphorylated atathmin species have 
escaped detection, analysts of the integrated intensities of the P0 4 - 
Htathinin and Rtathmui ispots indicates tliat the percentage of the P0 4 
form of total cellular Btathmin has increased from 11% to 38% with LPS 
stimulation. The decrease in integrated intensity for stathmin was 
equal in amount to the increase in P0 4 -stathmin following LPS 
exposure. 

CAM, and TSG-6), and down-regulation of genes for structural 
proteins, indicates a genetic basis for this observation. Down- 
regulation of two genes implicated in cytoskeletal regulation, 
Pix-a and RhoB, was also observed. The calcium-binding pro- 
tein S100A4, down-regulated in LPS-treated PMNs (Table II) : 
has been implicated in cell motility and metastasis (49). De- 
creased motility may be beneficial in sustaining the inflamma- 
tory response at sites of infection. In addition, LPS treatment 
results in an inhibition of upo ptosis (50). Therefore, the longer 
residence time of the PMN at sites of infection is consistent 
with the long term genetically coded changes seen in these 
gene-profiling experiments and indicates that the changes in 
gene expression are functionally relevant to host defense and 
immunity. 

By providing information on post-translation al modification, 
the proteomics data may provide further insights into the cy- 



Tabib VI 

Effect ofSB203580 on LPS-stimulated gene expression 
Genes are reported for which the SB20358G/control expression ratio 
is ^ 0.60. 



Gene name 


~tVuil fn antic* FtiHti 

(SB203580/cantrol) 


UliHngo in absence 
ofSB20358t) 






-fold 


ISG15 


0.09 


22.5 


HCR 


0.38 


20.8 


Mx-1 


0 


19.4 


IFI56 


0 


12.1 


Pl-9 


0.57 


9.5 


Ets-2 


0.59 


7.4 


IL-6 


n An 

U.43 


6.3 


Rel 


0.50 


6.2 


LIMS1 


0.58 


6.1 


C3AR1 


0.49 


6.1 


XNDO 


0.35 


5.2 


IOAA0105 


0.41 


5.1 


SNAP23 


0.G8 


6.0 


SLPI 


0.58 


4.7 


ELNAII2 


0.49 


4.G 


HM-74 


0.57 


3.8 


PKR 


0 


3.7 


MAD 


0.21. 


3.6 


IFIT4 


0.12 


3.6 


Glycerol kinase 


0 


3.6 


IFI54 


0 


3.5 


IFI58 


0.39 


3.5 


IPF35 


0.46 


3.0 



Table VII 

Effect of SB203580 on LPS -stimulated protein expression 



Protein ivaiuc 


•fold ehungf! rutin 
<SB2U3580Wtron 


Change in 
ubtience of 
SR2U3SBU 






-fold 


Up-regulated 






Proteasorae /J chain 


0.8 


1.51 


Annex in III 


0.6 


1.37 


Actin fragment [5441 


0.8 


1.74 


Actin fragment (5911 


0.8 


1.60 


a-Enolase 


0.6 


1.65 


Rab-GDP dissociation inhibitor p 


1.1 


1.24 


Glutathione S- transferase P 


1.2 


1.54 


Pre-B-cell colony enhancing factor 


1.2 


1.29 


Down-regulated 






Adenylyl cyciase-associated protein 1 


1.3 


0.53 


Rho-GAPl 


0.8 


0.67 


Ficolin 1 


1.0 


0.74 



toskeletal remodeling effects of LPS upon the PMN. We con- 
tend that the actin fragments identified (Table III) are unlikely 
to represent technical artifacts. Rather, their specificity (iden- 
tical molecular weight/pl among different experiments), statis- 
tically significant up-regulation by LPS, as well as the use of a 
lysis buffer containing tfiaotropes and multiple protease inhib- 
itors argue instead that these fragments are physiologic con- 
sequences of LPS exposure in the human PMN. More specifi- 
cally, the ur>regulation of these fragments following LPS 
exposure (Table III) suggests that LPS may activate an actin- 
cleaving enzyme, which, in turn, remodels the cy to skeleton. 
Intriguing in this vein, calpain has recently been reported to 
play an important role in cell migration and cytoskeletal orga- 
nization of fibroblasts (51). The possibilities that LPS may 
induce calpain activation and that calpain activation may reg- 
ulate cytoskeletal reorganization and motility are currently 
under investigation. An alternative possibility is that actin 
cleavage is a marker of neutrophil apoptosis (52). 

Other LPS-regulated proteins may play important roles in 
cytoskeletal reorganization. The up-regulation of protein- ty- 
rosine kinase 9-like (A6-related protein) may modulate LPS- 
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Table VHI 

LPS-regulated proteins for which a probe was present on the 
Affymetrix chip 

A comparison of corresponding protein and mRNA transcript changes 
following LPS exposure is shown. 



IVotein 


Protein 
change 


mRNA change 






•fold 


Up-regulated 






F'roteaeome 0 chain 


1.5 


1.9 f 


Leukocyte ebtstase inhibitor 


2.4 


4.6 1 


Rab-GDI fi 


1.24 


NC fl 


Grancalcin 


New 


NC 


Tranealdolase 


2.5 


NC 


Moesin 


2.1 


NC 


Nonmuscle myosin heavy chain 


New 


NC 


Glutathione S-tranfifcraae F 


1.54 


Absent 


Pre-B cell enhancing factor 


1.29 


Absent 


leocitrate dehydrogenase 


2.3 


Absent 


PO^-stathinin 


2.1 


Absent (stathmin) 


Protein phosphatase 1, p* catalytic subunit 2 


Absent 


Annexin III 


3.1 


31 i 


Down -regulated 






Adenylyl cvclase-associated protein 1 


1.9 


2.1 t 


Rho-GAP 1 


1.5 


2.71 


Ficolin 1 


1.4 


. L7X 


Adenosylhomocysteinase 


2.5 


Absent 


Calpouin H2 


2 


NC 


a NC, no measureable change. 



induced uctin polymerization, because it bears a high degree of 
homology to twinfilin (A6), an actin monomer-binding protein 
that localizes to sites of rapid filament assembly in cells and is 
believed to regulate actin filament turnover (53). In turn, LPS- 
induced down-regulation of Rho-GTPase activating protein 1 
(Table IE) may regulate twinfilin (and protein-tyrosine kinase 
9-like) activity, because twinfilin has been shown to colocalize 
with Racl and Cdc42 and to be regulated by active Racl in NIH 
3T3 cells (63). Activation of Kho proteins may be facilitated by 
LPS up-regulation of moesin (Table V), because moesin report- 
edly induces the dissociation of Rho from GDI (54). Racl may, 
in turn, promote activation of the actin filament-nucleating 
Arp2/3 complex through interactions with WASP (Wiskott-Al- 
drich syndrome protein) family proteins (55) and, interestingly, 
is postulated to regulate the dynamics of both the actin and 
microtubule cytoskeletons via phosphorylation of stathmin (Ta- 
ble IV) (56). Calponin H2 is an actin-binding protein not pre- 
viously reported in PMNs that is postulated to play a role in 
cytoskeletal organization (57). Its down-regulation by LPS (Ta- 
ble V) likely modulates LPS-induced cytoskeletal reorganiza- 
tion. The up-regulation of nonmuscle myosin heavy chain and a 
putative phosphorylated form of myosin heavy chain (putative 
protein kinase C substrate by prediction rules) in the LPS- 
exposed PMN (Table TV) is of uncertain significance; myosin 
has been implicated in multiple functions in the PMN, includ- 
ing locomotion, fluid pinocytosis, and phagocytosis (58). Of 
interest, however, S100A4 (down-regulated, Table II) lias been 
reported to regulate cytoskeletal dynamics by inhibiting pro- 
tein kinase C-mediated phosphorylation of nonmuscle myosin 
heavy chain (59). 

LPS induction of stathmin phosphorylation (Table IV and 
Fig. 2) may represent another mechanism by which the cy- 
toskeleton is remodeled. Stathmin is a phosphoprotein report- 
edly involved in both signal transduction and in regulation of 
the microtubule filament network; furthermore, phosphoryla- 
tion of stathmin hns been reported to modulate its tubutin- 
b in ding avidity (60). Inferences can be made about both the 
phosphorylation site on P0 4 -stathmin and the responsible ki- 
nase induced by LPS. Four phosphorylation sites in stathmin 
have been well described: Ser 16 , Ser 25 , Ser 38 , and Ser 63 (32, 33). 



Ser 16 has been reported as a substrate for Ca 2+ /calmodulin 
(CaM)-dependent kinases (32), and Ser 25 as primarily a sub- 
strate for p38 and ERK (33), with p34 od,i2 also active but bear- 
ing a 5-fold preference for Ser 30 (34). As stated above, the 
phosphopeptide identified in P0 4 -stathmin, extending from 
residues 15 to 27 (1468.7 Da), is consistent with phosphoryla- 
tion of either Ser 16 or Ser 25 (Fig. 2). Although both p38S and 
p38a MAPK isoforms are expressed in the human PMN, LPS 
has been shown to selectively activate the p38a isoform in 
human PMNs (9). The p38a isoform, however, has been shown 
to be relatively inactive nt Ser 25 ; in fact, p386 is ~ 100-fold more 
active at Ser 26 , and selective p38a inhibitors do not inhibit the 
stress-activated phosphorylation of stathmin in 293 cells (33). 
Further support for the lack of involvement of p38 signaling in 
phosphorylation of stathmin in our system is the apparent lack 
of effect of SB203580 (a selective p38a and p38/3 inhibitor) on 
LPS-induced expression of P0 4 -stathniin (Table IV). Because 
p34 ttka is relatively inactive at Ser 25 (34), we conclude that the 
phosphorylation site is likely to be Ser 16 , a reported substrate 
of CaM-dependent kinase. Although CaM kinases have previ- 
ously been implicated in gene activation in LPS-exposed my- 
elomonocytic HD11 cells (61), stathmin signaling has not, to 
our knowledge, been previously reported in either PMNs or 
lipopolysaccharide signal transduction. 

Cytoskeletal reorganization, a well-described regulator of 
granule release (62), may underlie LPS-induced priming for 
PMN granule release, but several LPS-regulated proteins may 
provide more specific clues. LPS exposure led to increased 
levels of grancalcin, a calcium-binding protein previously de- 
tected in PMNs and shown to translocate to granules and 
plasma membrane in the presence of physiologic concentra- 
tions of calcium (63). Similarly, annexin HI, a calcium-binding 
protein highly expressed in PMN granule membranes and im- 
plicated in calcium-mediated secretion (64) and in granule fu- 
sion (65), was also found to be up-regulated. Exocytosis of 
granule contents may also be facilitated by LPS up-regulation 
of Rab-GDP dissociation inhibitor (Table III), which has been 
proposed to recycle Rab after vesicle fusion by extracting it 
from the membriine and loading it onto newly formed transport 
intermediates (66). 

Parallel use of DNA microarrays and proteomics affords a 
powerful strategy for comparison of corresponding mRNA tran- 
scripts nnd proteins, thereby affording new insight into the 
mechanisms by which the cell regulates its signaling responses 
to the external environment. Of interest, a poor correlation was 
found between corresponding transcripts and proteins (Table 
Vm), as reported in other systems (17, 18). The finding in some 
cases of unchanged transcript abundance in the face of regu- 
lated protein levels indicates post-transcriptional modulation 
following LPS exposure. The finding of undetected transcripts 
in the face of regulated levels of the corresponding proteins 
may indicate previous transcription of these genes in an earlier 
state of the myeloid maturation of the PMN, producing stable 
protein species that have undergone post-translattonal alter- 
ation following LPS exposure. The use of SB203580, a p38 
inhibitor, adds further insights into the mechanisms of LPS 
regulation. At the level of mRNA expression, SB203580 inhib- 
ited 23% of LPS-stimulated genes by >40% and 11% of genes 
by 2:60%; therefore, p38 plays a specific role in gene regulation 
in the PMN. In particular, proteasome 0 chain was up-regu- 
lated at both the mRNA transcript and protein level (Table 
VHI), with no notable effect of SB203580 on expression at 
either level, consistent with a non-p38-mediated pathway of 
primary transcriptional up-regulation induced by LPS. Simi- 
larly, CAP1, Rho-GAPl, and ficolin 1 were down-regulated at 
both the mRNA transcript and protein level (Table VIH), with 
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no notable effect of SB203580, consistent with a non-p38-me- 
diatcd pathway of primary traascriptional down-regulation. 
Interestingly, anriexin III was down-regulated at the transcript 
level and up-regulated at the protein level, with an inhibitory 
effect of SB203580 seen only at the protein level (Table VII), 
consistent with a p33-mediated post-transcriptional up-regula- 
tion induced by LPS. 

Limitations of the present study should be noted. Gene ex- 
pression analysis by cDNA microarrays does not distinguish 
between transcriptional regulation and mKNA stabilization; 
similarly, two-dimensional PAGE proteomics by itself does not 
distinguish among transcriptional, translation^, or post-trans- 
lational regulation of protein abundance. Transcript detection 
by microarray technology is limited to the probes included; 
protein identification by two-dimensional PAGE proteomics is 
limited to well-resolved regions of the gel, may perform less 
well with hydrophobic and high molecular weight proteins, and 
tends to select for more abundant protein species (30). Harvest- 
ing of the LPS-incubated PMNs at 4 h may have prevented 
detection of earlier, transient changes and may have thereby 
introduced artifactual transcript-protein discordance. Further- 
more, the post-LPS incubation, pre-two-dimensional PAGE cell 
washes would be expected to remove secreted proteins from 
further analysis, with uncertain effects on detected protein 
abundance depending on such factors as the degree of de novo 
synthesis and extent of degranulation/exocytosis. Because pro- 
tein binding of Coomassie Blue has a limited dynamic range 
and iB typically not linear throughout the range of detection, 
image analysis of Coomassie Blue-stained protein spots should 
be consider**! semi-quantitative. For some protein spots, the 
apparent magnitude of regulation by LPS may have been 
blunted by the spot approaching staining saturation in the 
control gel By limiting our analysis to those protein spots 
common to all twelve pH 3.0-10.0 two-dimensional gels, we 
likely excluded some LPS-regulated proteinB that happened to 
be either poorly resolved on a subset of the gels or unmatched 
by the image analysis software. By further limiting the analy- 
sis to those matched spots on the pH 3.0-10.0 gels for which a 
two- tailed t test demonstrated p < 0.05, the list of regulated 
proteins was likely also limited by statistical power. In addition 
to those regulated proteins listed in Table HI, three others were 
up-regulated and three down-regulated with p < 0.09 (data not 
shown). 

Limiting our reported results to those changes that met 
statistical significance among the donors carries further impor- 
tant implications. We have encountered a two order of magni- 
tude range of response in un selected donor LPS-induced PMN 
functions, such us TNF-a and superoxide anion release (data 
not shown). The sources of this physiologic heterogeneity re- 
main uncertain but may possibly include such factors as nat- 
ural mutations of the LPS receptor component, TLR4 (67). By 
selecting for LPS effects common to all donors, we may not have 
characterized the range of genomic and proteoinic heterogene- 
ity present in the population and thereby may have focused on 
only a narrow portion of a broader biological response to LPS. 
We contend that this reductionist approach is valid because it 
would be expected to enrich for biologically integral responses 
of the PMN to LPS. Nevertheless, correlation of genomic and 
proteomic profiles with functional phenotypes of the PMN may 
bear important diagnostic aiid therapeutic implications and 
will be pursued in future studies. 

Widespread regulation of numerous noncytokine/chemokine 
genes and proteins in the LPS-stimulated human PMN is a 
novel finding. Theae data indicate that, despite a narrow scope 
of gene expression in the nonstimulated state, the terminally 
differentiated, shortlived PMN likely plays a role in the innate 



immune response that is far more sophisticated and dynamic 
than the simple release of preformed inflammatory mediators. 
Although gene expression appears to be an important mecha- 
nism by which PMNs respond acutely to infection, mRNA tran- 
script/protein concordance is limited, and post-transcriptional 
(and post-translational) modifications also play an important 
role. The alteration of multiple transcriptional regulators, G- 
protein regulators, P0 4 -stathmin, and protein phosphatase 1 
indicates that one of the responses to LPS exposure is to modify 
subsequent signaling events by bacterial components or by 
other cytokines and chemokines. Finally, the finding that p38 
MAPK mediates LPS regulation of a limited subset of tran- 
scripts and proteins underlines the continuing need to define 
signal transduction cascades in the neutrophil. 
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The relationship between gene expression measured at 
the mRNA level and the corresponding protein level Is not 
well characterized in human cancer. In this study, we 
compared mRNA and protein expression for a cohort of 
genes in the same lung adenocarcinomas. The abun- 
dance of 165 protein spots representing 98 individual 
genes was analyzed In 76 lung adenocarcinomas and nine 
non-neoplastic lung tissues using two-dimensional pofy- 
acrylamlde gel electrophoresis. Specific polypeptides 
were identified using matrix-assisted laser desorptton/ 
Ionization mass spectrometry. For the same 85 samples, 
mRNA levels were determined using oligonucleotide mi- 
cro arrays, allowing a comparative analysis of mRNA and 
protein expression among the 165 protein spots. Twenty- 
eight of the 165 protein spots (17%) or 21 of 98 genes 
(21.4%) had a statistically significant correlation between 
protein and mRNA expression (r > 0.2445; p < 0.05); 
however, among all 165 proteins the correlation coeffi- 
cient values (r) ranged from -0.467 to 0.442. Correlation 
coefficient values were not related to protein abundance. 
Further, no significant correlation between mRNA and 
protein expression was found (r = -0.025) if the average 
levels of mRNA or protein among all samples were applied 
across the 165 protein spots (98 genes). The mRNA/ 
protein correlation coefficient also varied among pro- 
teins with multiple isoforms, indicating potentially sep- 
arate Isoform-speclfic mechanisms for the regulation of 
protein abundance. Among the 21 genes with a signifi- 
cant correlation between mRNA and protein, five genes 
differed significantly between stage I and stage III lung 
adenocarcinomas. Using a quantitative analysis of mRNA 
and protein expression within the same lung adenocarci- 
nomas, we showed that only a subset of the proteins 
exhibited a significant correlation with mRNA abundance. 
Molecular & Cellular Proteomlcs 1:304*313, 2O0Z 



Lung cancer is the leading cause of cancer death for both 
men and women in the United States. Adenocarcinomas of 
the lung comprise -40% of all new cases of non-small cell 
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lung cancer and are now the most common histologic type. 
Functional genomics, broadly defined as the comprehensive 
analysis of genes and their products, have become a recent 
focus of the life sciences (1). Application of these approaches to 
lung adenocarcinomas has the potential to aid in the identifica- 
tion of high risk patients with resectable early stage lung cancer 
that may benefit from adjuvant therapy, as well as to identify 
new therapeutic targets. In human lung cancer, however, little Is 
currently understood regarding the relationship between gene 
expression as determined by measuring mRNA levels and the 
corresponding abundance of the protein products. 

A number of powerful techniques for analysis of gene ex- 
pression have been used including differential display (2), 
serial analysis of gene expression (3), DNA microarrays (4), 
and proteomics via two-dimensional polyacrylamide gel elec- 
trophoresis and mass spectrometry (5). Bioinformatics tools 
have also been developed to help determine quantitative 
mRNA/protein expression profiles of all types of cells and 
tissues (6) and now can be applied to benign and malignant 
tumors. DNA microarrays (cDNA and oligonucleotide) permit 
the parallel assessment of thousands of genes and have been 
utilized in gene expression monitoring (7), polymorphism anal- 
ysis (8), and DNA sequencing (9). Recent studies have fo- 
cused on classification or identification of subgroups of lung 
tumors using DNA microarrays (10, 11). The use of mRNA 
expression patterns by themselves, however, is insufficient for 
understanding the expression of protein products, as addi- 
tional post-transcriptional mechanisms, including protein 
translation, post-translational modification, and degradation, 
may influence the level of a protein present in a given cell or 
tissue. Proteomic analyses, a complementary technology to 
DNA microarrays for monitoring gene expression, involves 
protein separation and quantitative assessment of protein 
spots using 2D 1 -PAGE and protein identification using mass 
spectrometry. By combining proteomic and transcriptional 
analyses of the same samples, however, it may be possible to 
understand the complex mechanisms influencing protein ex- 
pression in human cancer. 

In this study, we determined mRNA and protein levels for 
165 proteins (98 genes) in 76 lung adenocarcinomas and nine 



1 The abbreviations used are: 2D, two-dimensional; MALDI-MS, 
matrix-assisted laser desorption/iont2ation mass spectrometry. 
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Protein and mRNA Correlation in Lung Adenocarcinomas 



Table I 

Correlation coefficients of protein and mRNA where only one spot was present on 20 gels 



r*. correlatio n coefficient value > 0.2445; p < 0.05. Values In boldface are significant at p < 0.05. 
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1825 


Hs. 11 2378 


LIMS1 


0.1213 


Pinnh-9 nrntpin 


0871 


Hs.250502 


CA8 


0.1122 


Carbonic anhydrase-related protein; Syntaxln 


0289 


Hs.82916 


CCT6A 


0.1106 


Chaperonin-iike protein 


1143 


Hs.11465 


GSTTVp28 


0.0997 


Glutathione .ft-tran^fpra^A hnmnlnn frsoT i-mmntn^ 
\_nt.jin.v> nu< ia o ii ai iciest oat? iiuintJioy [uoi nomoiOQl 


1456 


Hs.1 18638 


NMEI 


0.0932 




1598 


Hs.278503 


RIG 


0.0905 


RUG flJ32331i 


1354 


Hs.89761 


ATP5D 


0.0904 


FIFO-tVDe ATP svnthacft «;iihiinit rl 

1 M \f iy|^w MM £>yiIi!IQoC d'JUUI III U 


1445 


Hs.155485 


HIP2 


0.0843 


nunungiin inieraciing protein 2 (HIP2) 


1479 


Hs.1 77486 


APP 


0.0746 


Amyloid B4A 


0608 


Hs.182265 


. KRT19 


0.0439 


Cvtokeratin 1Q 


1071 


Hs.1 0842 


RAN 


0.0277 


oir-uinuing nuciear proiein r(Ai\|(io4) 


0991 


Hs.297939 


CTSB 


0.0254 


ntkiattcin R 
VyaultipalM D 


0842 


Hs.77274 


PLAU 


0.0248 


1 IrolfinncQ nlacminnnafi aph\nin> 
uiurufiaao pioarninuyon aCltValOr 


0823 


Hs.1 98248 


B4GALT1 


0.0183 


& 1 4*aaiactosvl tran<rfftra<;fi 


0613 


Hs.1 247 


APOA4 


0.0176 


Annlinnnmtoin A A ihrtrtAA\ 


1338 


Hs.104143 


CI.TA 


0.0123 


niathrin linht r^hnin A 


0902 


Hs.5123 


SID&-306 


0.0117 


Cvtosolin tnornanic nvronhn<:r»hata<:o 


1688 


Hs.1473 


GRP 


-0.0040 


Preprogastrin -releasing peptide 


0265 


Hs.274402 


HSPA1B 


-0.0071 


• icdi oiiuoK inuuucQ p rule in 


1414 


Hs.77541 


ARF5 


-0.0096 


AnP-riKnc\/1atirin fstrtnr "1 


0710 


Hs.97206 


HIP1 


-0.0114 


riLinungun inieraciing proiein i (HIP IJ 


0532 


Hs.1 70326 


MSN 


-0.0132 


Moesin/E 


0525 


Hs.284255 


ALPP 


-0.0148 


Alkaline phosphate, ptacental 


0513 


Hs.76901 


PDIR 


-0.0289 


Protein disulfide isomerase-related protein 5 


1659 


Hs.256697 


HINT 


-0.0312 


Protein kinase C inhibitor 


1262 


Hs.7016 


RAB7 


-0.0362 


Rab 7 protein 


0190 


Hs.164411 


ALB 


-0.0470 


Albumin 


0948 


Hs.2795 


LDHA 


-0.0549 


Lactate dehydrogenase-A (LDHA) 


0502 


Hs.180532 


GPI 


-0.0575 


Hsp89 


0152 


Hs.75410 


HSPA5 


-0.0640 


GRP 78 


1054 


Hs.74276 


CLIC1 


-0.0686 


Nuclear chloride channel (RNCC protein) 


0709 


Hs.253495 


SFTPD 


-0.0936 


Pulmonary surfactant protein D 


0867 


Hs.78996 


PCNA 


-0.0982 


PCNA 


0165 


Hs. 18041 4 


HSPA8 


-0.1014 


Heat shock cognate protein, 71 kDa 


1109 


Hs.75103 


YWHAZ 


-0.1018 


14-3-3 f/A 


0137 


Hs.554 


SSA2 


-0,1032 


Ro/ss-A antigen 
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Table \r~continuad 



Spot 



0278 
1769 
0089 
2511 
1739 
1138 
2533 



Unigene 



Hs.4112 

Hs.9614 

Hs.74335 

Hs.153179 

Hs.16488 

Hs.301961 

Hs.77060 



Gene name 



TCP1 

NPM1 

HSPCB 

FABP5 

CALR 

GSTM4 

PSMB6 



Protein name 



-0.1237 
-0.1738 
-0.2049 
-0.2109 
-0.2344 
-0.2438 
-0.2512 



T-comp!ex protein I, a subunit 

B23/numatrin 

Hsp90 

E-FABP/FABP5 
Catreticulin 32 

Glirtathione S-transferase M4 (GST m4) 
Macropain subunit A 



non-neoplastic lung tissues. Protein levels were determined 
using quantitative 2D-PAGE analysis, and the separated pro- 
tein polypeptides were identified using matrix-assisted laser 
desorption/ionization mass spectrometry (MALDI-MS). The 
corresponding mRNA levels for the identified proteins within 
the same samples were determined using oligonucleotide 
microarrays. Correlation analyses showed that protein abun- 
dance is likely a reflection of the transcription for a subset of 
proteins, but translation and post-translational modifications 
also appear to influence the expression levels of many indi- 
vidual proteins in lung adenocarcinomas. 

EXPERIMENTAL PROCEDURES 
77ssues-Rfty-seven stage I and 19 stage III lung adenocarcino- 
mas, as well as nine non-neoplastic lung tissue samples, were used 
for protein and mRNA analyses. Patient consent was obtained, and 
the project was approved by the institutional Review Board. All tis- 
sues were obtained after resection at the University of Michigan 
Health System between May 1991 and July 1998. Tissues were all 
snap-frozen in iiquid nitrogen and then stored at -80 *C. The patients 
included 46 females and 30 males ranging in age from 40.9 to 84.6 
{average 63.8) years. Most patients (66/76) demonstrated a positive 
smoking history. Sixty-one tumor samples were classified as bron- 
chial-derived, 14 were classified as bronchoalveolar, and one had 
both features. Eighteen tumor samples were classified as well differ- 
entiated, 38 were classified as moderate, and 19 were classified as 
poorly differentiated adenocarcinomas. Hematoxylin-stained cryostat 
sections (5 jim), prepared from the same tumor pieces to be utilized 
for protein and mRNA isolation, were evaluated by a pathologist and 
compared with hematoxylin- and eosin-stained sections made from 
paraffin blocks of the same tumors. Specimens were excluded from 
analysis if they showed unclear or mixed histology (e.g. adenosqua- 
mous), tumor cellularity less than 70%, potential metastatic origin as 
indicated by previous tumor history, extensive lymphocytic infiltration, 
or fibrosis or if the patient had received prior chemotherapy or 
radiotherapy. 

Oligonucleotide Array Hybridization -The HuGeneFL oligonucleo- 
tide arrays (Affymetrix, Santa Clara, CA) containing 6800 genes were 
used in this study. Total RNA was isolated from all samples using 
Trizol reagent (Invitrogen). The resulting RNA was then subjected to 
further purification using RNeasy spin columns (Qiagen). Preparation 
of cRNA, hybridization, and scanning of the HuGeneFL arrays were 
performed according to the manufacturer's protocol (Affymetrix, 
Santa Clara, CA). Data analysis was performed using GeneChip 4.0 
software. The gene expression profile of each tumor was normalized 
to the median gene expression profile for the entire sample. Details of 
data trimming and normalization are described elsewhere (1 1). 

2D-PAGE and Quantitative Protein Analysis- Tissue for both pro- 
tein and mRNA isolation came from contiguous areas of each sample. 
Protein separation using 2D-PAGE, silver staining,, and digitization 



were performed as described previously (12, 13). Our 2D-PAGE sys- 
tem allows us to run 20 gels at one time (one batch). Spot detection 
and quantification were accomplished utilizing Bio Image Visage Sys- 
tem software (Bioimage Corp., Ann Arbor, Ml). The integrated inten- 
sity of each spot was calculated as the measured optical density 
units x mm 2 . Of the total possible 2000 spots detectable on each gel, 
820 spots on the gel of each sample were matched using a Gel-ed 
match program with the same spots on a chosen "master" gel. In 
each sample, 250 ubiquitously expressed reference spots were used 
to adjust for variations between gels, such as that created by subtle 
differences In protein loading or gel staining. Slight differences be- 
cause of batch were corrected after spot-size quantification. 

Mass Spectrometry and 2D Western Blotting- Preparative 2D gels 
were run using extracts from A549 lung adenocarcinoma cells (ob- 
tained from ATCC) and using the identical experimental conditions as 
the analytical 2D gels, except 30% more protein was loaded. The 
resolved protein gels were silver-stained using successive incuba- 
tions in 0.02% sodium thiosulfate for 2 min, 0. 1 % silver nitrate for 40 
min, and 0.014% formaldehyde plus 2% sodium carbonate for 10 
min. For protein identification, protein polypeptides underwent trypsin 
digestion followed by MALDI-MS using a MALDITOF Voyager-DE 
mass spectrometer (Perseptive Biosystems. Framtngham, MA). The 
masses were compared with known trypsin digest databases using 
the MS-FIT database (University of California, San Francisco; 
prospector.ucsf.edu/ucsfhtml3.27msfit.htm). Some of the polypep- 
tides included in the analysis had been Identified prior to this study on 
the basis of sequencing (14). The identified protein spots used in this 
paper are shown in Fig. ^A. The method for 2D-PAGE Western Wot 
verification was as described previously (15). The 2D Western blots of 
GRP58 and Op18 are shown in Fig. 1, C and E\ the others, such as 
GRP78, GRP75, HSP70, HSC70. KRT8, KRT18, KRT19, Vimentin, 
ApoJ, 14-3-3, Annexin I, Annexin II, PGP9.5, DJ-1, GST-pi, and 
PGAM, are described elsewhere. 2 

Statistical Analysis- Missing values were replaced with the mean 
value of the protein spot. The transform x ^ log (1 + x) was applied 
to normalize all protein expression values. The relationship between 
protein and mRNA expression levels within the same samples was 
examined using the Spearman correlation coefficient analysis (1 6). To 
identify potentially significant correlations between gene and protein 
expression, we used an analytical strategy similar to SAM (signifi- 
cance analysis of microarrays) (17), which uses a permutation tech- 
nique to determine the significance of changes In gene expression 
between different biological states. To obtain permuted correlation 
coefficients between gene and protein expression, genes were ex- 
changed first In such a way thai permutated correlation coefficient 
were calculated based on pseudo pairs of genes and proteins. The 
distribution of permutated correlation coefficients became stable after 
60 permutations. This procedure was then repeated 60 times to 
obtain 60 sets of permutated correlation coefficients. For each of the 
60 permutations, the correlations of genes and proteins were ranked 



2 Chen e( a/., submitted for publication. 
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Table II 

Correlation coefficients of protein and mRNA where multiple isoforms were present on 2D gefs 
r, correlation coefficient value > 0.2445; p < 0,05, Valu es in boldface are significant at p < 0.05. 



Cnnf 

opot 


Unigene 


Gene name 


r* 


1494 


Hs.81915 


LAP18 


0.4003 


0957 


Hs.77899 


TPM1 


0 3030 


0353 


Hs.289101 


GRP58 


0.3802 


0855 


Hs.169476 


GAPD 


0.3693 


1198 


Hs.41707 


HSPB3 


0.3668 


1203 


Hs.83848 


TP 11 




0523 


Hs.65114 


KRT18 


0.3335 


1492 


Hs.81915 


LAP18 




1493 


Hs.81915 


LAP18 


0.3154 


1181 


Hs.78225 


ANXA1 


n lino 


0439 


Hs.242463 


KRT8 




0505 


Hs.297753 


VIM 




0593 


Hs.297753 


VIM 




1874 


Hs.75313 


AKR181 


a ovon 
0.Z7UQ 


0935 


Hs.75544 


YWHAH 


A OT7C 


2524 


Hs.78225 


ANXA1 




2324 


Hs.65114 


KRT1A 


0.2601 


1192 


Hs.41707 


HSPB3 




0350 


Hs.289101 


Vj nr Jo 


0.251 6 


0992 


Hs.75313 


AKR1R1 
rv\n I 13 1 


—0.2460 


0861 


Hs.75313 


r\r\n i D I 


0.0761 


0853 


Hs.75313 


AKT41 R1 


—0.0675 


2503 


Hs 76392 


nLUn I 


-0.0565 


03B1 


Hs 7639? 


ai nui 


-0.0371 


0371 


Hs 76392 


ai nu-i 

MLUM 1 


—0.0680 


1179 


Hs 78225 


AMVA 1 


0.2052 


0762 


Hs.78225 


ANXAl 


—0.0739 


0760 


Hs.78225 


ANXA1 


— U.U2Z8 


2506 


Hs.217493 


ANXA2 




0772 


Hs.217493 


ANXA2 


a OAOA 


0723 


Hs.217493 


ANXA2 


n A7fH 


1239 


Hs.93194 


APnA1 


U. 1 1 Ja 


1237 


Hs.93194 


AP0A1 




1234 


Hs.93194 




-0.0894 


0428 


Hs.25 


ATP5B 


A AAQA 


0427 


Hs.25 


ATP5B * 


0.0122 


0424 


Hs.25 


ATP^R 


—0.0992 


0863 


Hs.75106 


CLU 


-0.0483 


0780 


Hs.75106 


CA 11 


—0.0443 


1527 


Hs.119140 




—0.0726 


1484 


Hs. 11 91 40 




—0.0376 


1728 


Hs.5241 


FARP1 


—0.1916 


1712 


Hs.5241 


FARPi 


-0.0473 


0947 


Hs.169476 


GAPD 


0.1 745 


1232 


Hs.75207 


GL01 


0.2249 


1229 


Hs.75207 


GL01 


0.0450 


1595 


Hs. 158300 


HAP1 


-0.0137 


1810 


Hs.75990 


HP 


■0.4672 


1459 


Hs.75990 


HP 


' 0.0802 


1458 


Hs.75990 


HP 


-0.0305 


0619 


Hs.75990 


HP 


0.0461 


0615 


Hs.75990 


HP 


-0.0034 


1250 


Hs.41707 


HSPB3 


-0.1024 


0549 


Hs.79037 


HSPD1 


0.1074 


0338 


Hs.79037 


HSPD1 


0.2265 


0333 


Hs.79037 


HSPD1 


0.1383 


0331 


Hs.79037 . 


HSPD1 


0.1603 


2381 


Hs.65114 


KRT18 


0.2016 


0535 


Hs.65114 


KRT18 


0.1106 



Protein name 



OP18 (Stathrnln) 
Tropomyosins 1-5 

Protease disulfide isomerase (GRP58) 
GJyceraldehyde-3-phosphate dehydrogenase 
Hsp27 

Triose phosphate isomerase (TP I) 

Cytokeratin 18 

OP18(Stathmin) 

OP18(Stathmin) 

Annexln variant I 

Cytokeratin 8 

Vimentin 

Vimentin 

Aldose reductase 
14-3-3 v 
Annexin I 
Cytokeratin 18 
Hsp27 

Phospholipase C (GRP58) 
Aldose reductase 
Aldose reductase 
Aldose reductase 
Aldehyde dehydrogenase 
Aldehyde dehydrogenase 
Aldehyde dehydrogenase 
Annexin variant I 
Annexin I 
Annexin I 

Lipocotin (annexin II) 
Lipocotin (annexin II) 
Lipocotin 

Apollpoprotein A1 (ApoA1) 

Apolipoprotein A1 (ApoA1) 

Apolipoprotein A1 (ApoA1) 

ATP synthase p subunit precursor 

ATP synthase p subunit precursor 

ATP synthase p subunit precursor 

Apolipoprotein J (ApoJ) 

Apolipoprotein J (ApoJ) 

elF-5A 

elF-5A 

L-FABP 

L-FABP 

Gryceraldehyde-3-phosphate dehydrogenase 

Glyoxalase-I 

Glyoxalase-1 

Huntingtin-associated protein 1 (neuroan 1) 

a-Haptoglobin 

a-Haptoglobin 

a-Haptoglobin 

B -haptoglobin 

B-haptoglobin 

Hsp27 

Hsp60 

Hsp60 

Hsp60 

Hsp60 

Cytokeratin 18 
Cytokeratin 18 
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Tabue II— continued 

Correlation coefficients of protein and mRNA where multiple isoforms were present on 2D gels 
r*. correlation coefficient value > 0.2445; p < 0,05. Values In boldface are significant at p < 0.05. 



Spot 


Untgene 


ttptiR n^mp 

vJCI 1 CJ 1 Iclf i ICS 


r 


0529 


Hs.65114 


KRT18 


0.1279 


0528 


Hs.65114 


KRT18 


0.0414 


0527 


Hs.65114 


KRT18 


0.0436 


0514 


Hs.65114 


KRT18 


0.0733 


0451 


Hs.242463 


KRT8 


-0.0111 


0446 


Hs.242463 


KRT8 


0.0347 


0444 


Hs.242463 


KRTfl 


-0.1311 


0443 


Hs.242463 


KRT8 


0.0942 


14B8 


Hs.81915 


LAP 18 


0.0495 


0321 


Hs.75655 


P4HB 


-0.0546 


0320 


Hs.75655 


P4HB 


-0.0041 


1063 


Hs.75323 


PHB 


0.0441 


0837 


Hs.75323 


PHB 


0.1402 


0326 


Hs.297681 


SERPINA1 


-0.0227 


0322 


Hs.297681 


SERPINA1 


-0.0277 


0241 


Hs.297681 


SERPINA1 


-0.0148 


1280 


Hs.301254 


SFTPA1 


-0.1488 


1278 


Hs.301254 


SFTPA1 


-0.2040 


0866 


Hs.73980 


TNNT1 


0.1162 


0778 


Hs.73980 


TNNT1 


0,0740 


1213 


Hs.83848 


TPI1 


0.0024 


1210 


Hs.83848 


TPI1 


0.0490 


1207 


Hs.83848 


TPI1 


-0.1615 


1204 


Hs.83848 


TPI1 


0.0209 


1202 


Hs.83848 


TPI1 


0.0721 


1161 


Hs.83848 


TPI1 


0.2265 


(052 


Hs.77899 


TPM1 


-0.1040 


1 039 


Hs. 77899 


TPM1 


-0.2999 


1035 


Hs.77B99 


TPM1 


-0.3821 


0783 


Hs.77B99 


TPM1 


0.0757 


1574 


Hs.1 94366 


TTR 


-0.0065 


0809 


Hs.1 94366 


TTR 


0.0399 


2202 


Hs.76118 


UCHL1 


-0.0220 


1246 


Hs.76118 


UCHL1 


-0.1261 


1242 


Hs.76118 


UCHL1 


0.1473 


0606 


Hs.297753 


VIM 


0.0951 


0594 


Hs.297753 


VIM 


-0.2664 


0508 


Hs.297753 


VIM 


0.1008 


0419 


Hs.297753 


VIM 


0.0032 


1279 


Hs.75544 


YWHAH 


0.0059 



Protein name 



Cytokeratln 18 
Cytokeratin 18 
Cytokeratin 18 
Cytokeratin 18 
Cytokeratin 8 
Cytokeratin 8 
Cytokeratin 8 
Cytokeratin 8 
0P18 (Stathmln) 
PDI (proly-4-OH-B) 
PDI (proly-4-OH-B) 
Prohibitin 
Prohibitin 
a-1-Antitrlpsln 
ct-1 -Antitrlpsin 
or-1-Antitripsin 

Pulmonary surfactant-associated protein 
Pulmonary surfactant-associated protein 
Troponin T 
Troponin T 

Triose phosphate isom erase (TPI) 
Triose phosphate isomerase (TPI) 
Triose phosphate isomerase (TPI) 
Trios9 phosphate isomerase (TP I) 
Triose phosphate Isomerase (TPI) 
Trios9 phosphate isomerase (TPI) 
Tropomysln clean-product 
CytoskeletaJ tropomyosin 
Tropomyosin 
Tropomyosins 1-5 
Transthyretin 
Transthyretin multfmere 

Ubiquitin carboxyl-terminal hydrolase isozyme L1 
Ubiquitin carboxyl-terminal hydrolase isozyme L1 
Ubiquitin carboxyl-terminal hydrolase isozyme L1 
Vimentin 

Vimentln-d9rived protein (vid4) 
Vimentin-derived protein (vid2) 
Vimentin-derived protein (vidlj 
14-3-3 t/ 



such that Pp (f) denotes the rth largest correlation coefficient for pth 
permutation. Hence, the expected correlation coefficient, p-% was the 
average over the 60 permutations, p^tf) - I™, , Pp (,y60. A scatter plot of 
observed correlations (p(/)) versus the expected correlations is shown in 
Fig. 2D. For this study, we chose threshold A -0.1 15 so that correlation 
would be considered significant if absolute value of difference between 
(41) and was greater than the threshold. Twenty-nine (including one 
with observed correlation coefficient -0.4672) of 1 65 pairs of gene and 
protein expression were called significant in such criteria, and the 
permuted data generated an average of 5.1 falsely significant pairs of 
gene and protein expression. This provided an estimated false dis- 
covery rate (the percentage of pairs of gene and protein expression 
identified by chance) for our data set. 

RESULTS 

Correlation of Individual Proteins and mRNA Expression 
within Each Tumor- We have examined quantitatively 165 



protein spots on 2D gels representing 98 genes and com- 
pared protein levels with mRNA levels for a cohort of 85 lung 
adenocarcinomas and normal lung samples. Of the 165 pro- 
tein spots, 69 proteins were represented by only one known 
spot on 2D gels for an Individual gene, whereas 96 protein 
spots showed multiple protein products from 29 different 
genes. 2D Western blotting verified the proteins identified by 
mass spectrometry when specific antibodies were available. 
Spearman correlation coefficients of the proteins and their 
associated mRNA for each protein spot were generated using 
ail 76 lung adenocarcinomas and nine non-neoplastic lung 
tissues (see Tables I and II, and see Figs. 1 and 2). The 
correlation coefficients (r) ranged from -0.467 to 0.442 (Rg. 
2D). A total of 28 protein spots (21 genes) were found to have 
a statistical significant correlation between expression of 



308 Molecular & Cellular Proteomics 1A 



Protein and mRNA Correlation in Lung Adenocarcinomas 




their protein and mRNA (r > 0.2445; p < 0.05). This accounts 
for 17% (28/165) of the 165 protein spots. Among the 69 
genes for which only a single protein spot was known (Table 
I), nine genes (9/69, 13%) were observed to show a statisti- 
cally significant relationship between protein and mRNA 
abundance (r > 0.2445; p < 0.05). The proteins whose ex- 
pression levels were correlated with their mRNA abundance 
included those involved in signal transduction, carbohydrate 
metabolism, apoptosis, protein post-translational modifica- 
tion, structural proteins, and heat shock proteins (Table III). 

Individual Isoforms of the Same Protein Have Different 
Protein/mRNA Correlation Coefficients -Of the 165 protein 
spots, 96 represent protein products of 29 genes with at least 
two isoforms. Among these 96 protein spots, 19 (19/96 pro- 
tein spots, 20%) showed a statistically significant correlation 
between their protein and mRNA expression (r > 0.2445; p < 
0.05) (Table II) and represented 12 genes (12/29, 41%). Individ- 
ual isoforms of the same protein demonstrated different 
protein/mRNA correlation coefficients. For example, 2D -PAGE/ 
Western analysis revealed four isoforms of OP18 differing in 
regards to isoelectric point but similar in molecular weight. 
Three of the four isoforms (spots 1492, 1493, and 1494) showed 
a statistically significant correlation between their protein and 
mRNA abundance (r - 0.3234, 0.3154, and 0.4003, respective- 
ly). The forth isoform (spot 1488) showed no correlation be- 



tween protein and mRNA expression (r = 0.0495). Similarly, just 
one of five quantified isoforms of cytokeratin 8 (spot 439) dem- 
onstrated a statistically significant correlation between protein 
and mRNA abundance (r = 0.3049; p < 0.05) (Table II). 

In addition to differences in the relationship between mRNA 
levels and protein expression among separate isoforms, some 
genes with very comparable mRNA levels showed a 24-fold 
difference in their protein expression. Genes with comparable 
protein expression levels also showed up to a 28-fold vari- 
ance in their mRNA levels. 

Lack of Correlation for mRNA and Protein Expression when 
Using Average Tumor Values across All 165 Protein Spots (98 
Genes)-The relationship between mRNA and protein expres- 
sion was also examined by using the average expression 
values for all samples. To analyze this relationship using this 
approach, the average value for each protein or mRNA was 
generated using all 85 lung tissue samples. The range of 
normalized average protein values ranged from -0.0646 to 
0.0979 (raw value 0.0036 to 4.1947), and the range for mRNA 
was from 0 to 15260.5 for all 165 individual protein spots. The 
Spearman correlation coefficient for the whole data set (165 
protein spots/98 genes) was -0.025 (Rg. 3A). Even for the 28 
protein spots (Rg. 20) that were found to have a statistically 
significant correlation between their mRNA and protein, use of 
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A: 0M8 (spat #149) 



A * — 


«' 








* 


$ <J.r< 









mRNA v»tu# 



— i 





O : O&trt&ution of 18* correlate* coefficients 




Fta. 2. A~C, plots showing the correlation between rr.RNA and protein for the three selected genes Op18, Annexin IV and GAPD for all 76 
lung adenocarcmomas and nine nonneoplastic lung samples (p < 0.05). D, distribution of all 165 Spearman o^^M^MJi 
venfication analys.s us.ng SAM . A more detailed description of the method is provided under "Experim^al Pto^^^SSM^ 
of he 1 65 prM. demonstrate a significant correlation between mRNA and protein levels as demonstrated by the vSbs the 
outer range of threshold A = 0.1 15. Normalized protein values were used, thus negative values for some proteins a7e ^Id 



the average value resulted In a correlation coefficient value of 
-0.035, which was not significant (Fig. 38). 

Lack of a Relationship between Protein/mRNA Correlation 
Coefficients and Average Protein Abundance-Jo determine 
whether an absolute protein level might influence the corre- 
lation with mRNA, the mean value of each protein (relative 
abundance) and the Spearman protein/mRNA correlation co- 
efficients among all 85 samples were examined. No relation- 
ship between the protein abundance and the correlation co- 
efficients was observed (r = 0.039; p > 0.05). A detailed 
analysis of separate subsets of proteins with differing levels of 
abundance (less than -0.0014, larger than -0.0014. or larger 
than 0.0077) also showed a lack of correlation between mRNA 
and protein expression among the 83 (50%), 82 (50%), and 41 
(25%) of 165 total protein spots, respectively (r = 0.016, 0.08, 
and 0.172, respectively). 

Stage-related Changes in the Protein/mRNA Correlation 
Coefficients—Jo determine whether the 21 genes (28 protein 
spots) showing a significant correlation between the protein 
and mRNA expression among all samples demonstrate 
changes in this relationship during tumor progression, the 
correlations were examined separately for stage I {n = 57) and 



stage 111 (n = 19) lung adenocarcinomas (Table III). The num- 
ber of non-neoplastic lung samples (n = 9) was insufficient for 
a separate correlation analysis of this group. Many of the 
protein spots represent one of several known protein isoforms 
for a given gene. The majority of genes (16/21) did not differ in 
the protein/mRNA correlation between stage I and stage III 
tumors indicating a similar regulatory relationship between the 
mRNA and protein spot. GRP-58, PSMC, SOD1, TPI1, and 
VIM, however, were found to demonstrate significant differ- 
ences in the correlation coefficients between stage I and 
stage III lung adenocarcinomas. For GRP-58, PSMC, and VIM 
the change in the correlation coefficient was because of a 
relative increase in protein expression in stage III tumors. For 
SOD and TPI the change resulted from a relative decrease in 
expression of this specific protein in stage III tumors. 

DISCUSSION 

Relatively little is known about the regulatory mechanisms 
controlling the complex patterns of protein abundance and 
post-translational modification in tumors. Most reports con- 
cerning the regulation of protein translation have focused on 
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Table III 

Stage-dependent analysis of protein-mRNA correlation coefficients 
r t correlation coefficient. Values in boldface indicate a significant difference between stage I and stage III 



Spot 


Gene name 


r (Stage I) 


r fStane IIH 


1874 


AKR1B1 


0.269 


0.106 


2524 


ANXA1 


0.184 


0.572 


0994 


ANXA4 


0.660 


0.362 


0963 


ANXA5 


0.241 


0.390 


1314 


DJ-1 


0.363 


0.354 


1405 


FTL 


0.126 


0.358 


0855 


GAPD 


0.243 


0.581 


0350 


GRP58 


0.327 


-0.087 


0264 


HNRPK 


0.360 


0.243 


1192 


HSPB3 


0.457 


0.633 


0523 


KRT18 


0.115 


0.371 


0439 


KRT8 


0.323 


0.436 


1492 


LAP 18 


0.483 


0.663 


1538 


LGALS1 


0.200 


0.528 


1252 


PSMC 


0.253 


0.060 


1104 


SFN 


0.465 


0.475 


1454 


S0D1 


0.352 


0.079 


1203 


TPI1 


0.378 


0.009 


0957 


TPM1 


0.475 


0.225 


0593 


VIM 


-0.054 


0.556 


0935 


YWHAH 


0.283 


0.210 



one or several protein products (18). Celis et a/. (19) found a 
good correlation between transcript and protein levels among 
40 well resolved, abundant proteins using a proteomic and 
microarray study of bladder cancer. By comparing the mRNA 
and protein expression levels within the same tumor samples, 
we found that 1 7% (28/165) of the protein spots (21/98 genes) 
show a statistically significant correlation between mRNA and 
protein. These proteins appear to represent a diverse group of 
gene products and include those involved in signal transduc- 
tion, carbohydrate metabolism, protein modification, ceil struc- 
ture, heat shock, and apoptosis. These results suggest that 
expression of this subset of 1 65 proteins is likely to be regulated 
at the transcriptional level in these tissues. The majority of the 
protein isoforms, however, did not correlate with mRNA levels, 
and thus their expression is regulated by other mechanisms. We 
also observed a subset of proteins that demonstrated a nega- 
tive correlation with the mRNA expression values; for example 
a-haptoglobin demonstrated a strong negative correlation with 
its mRNA expression values. This may reflect negative feedback 
on the mRNA or the protein or the presence of other regulatory 
influences that are not understood currently. 

Post-translational modification or processing will result in 
individual protein products of the same gene migrating to 
different locations on 2D- PAGE gels (20). Because the identity 
of all possible isoforms for each protein examined has not 
been characterized completely, this may influence the corre- 
lation analyses performed in this study. This is partly because 
of limitations of the 2D-PAGE and mass spectrometry tech- 
nologies (21, 22). Potential inconsistencies between mRNA 
and protein correlations that have been reported may also be 
because of differences, even in the same gene, in the mech- 



Function 

Carbohydrate metabolism; electron transporter 
Phospholipase inhibitor; signal transduction 
Phospholipase inhibitor 

Phospholipase inhibitor; calcium binding; phospholipid binding 
Signal transduction 
Iron storage protein 

Carbohydrate metabolism (glycolysis regulation) 
Signal transduction; protein disulfide isomerase 
RNA-binding protein (RNA processing/modification) 
Heat shock protein 
Structural protein 
Structural protein 

Signal transduction; cell growth and maintenance 
Apoptosis; ceil adhesion; cell size control 
Protein degradation 

Signal transduction (protein kinase C inhibitor) 

Oxidoreductase 

Carbohydrate metabolism 

Structural protein (muscle); control of heart 

Structural protein 

Signal transduction 



anisms of protein translation among different celis or as 
measured in different laboratories (23). 

In this study, we examined 165 protein spots identified in 
lung adenocarcinomas. Ninety-six protein spots, representing 
the products of 29 genes, contained at least two protein 
isoforms. Nineteen of 96 protein spots, representing 12 
genes, were shown to have a statistically significant correla- 
tion between their protein and mRNA expression, suggesting 
that the levels of these proteins reflects the transcription of the 
corresponding genes. Differences in protein/mRNA correlations 
were found among the individual isoforms of a given protein. For 
example, of the four OP18 isoforms, three showed a statistically 
significant correlation between the protein and mRNA expres- 
sion levels. The lack of relationship for the one isoform, how- 
ever, indicates that individual protein isoforms of the same gene 
product can be regulated differentially. This is not unexpected 
and likely reflects other post-translational mechanisms that can 
influence isoform abundance in tissues and cancer. 

In addition to the analyses of the correlation of mRNA/ 
protein within the same tumor samples, we also tested the 
global relationship between mRNA and the corresponding 
protein abundance across all 165 protein spots in the lung 
samples. A protein and mRNA average value for each gene 
was generated using all 85 lung tissues samples. We ob- 
served a very wide range of normalized average protein and 
mRNA values. The correlation coefficient generated using this 
average value data set was -0.025, and even for the 28 
protein spots that showed a statistically significant correlation 
between individual mRNA and proteins, the correlation value 
was only -0.035. This suggests that it is not possible to 
predict overall protein expression levels based on average 
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Fig. 3. The overall correlation of 
mRNA and protein levels across atl 
165 protein spots (A) and across 28 
protein spots that contained individ- 
ual r values larger than 0.244 (B) are 
shown. Each protein or mRNA mean 
value was calculated based on all 76 
lung adenocarcinomas and nine non- 
neoplastic lung samples using quantita- 
tive 2D-PAGE and Asymetrix oligonu- 
cleotide microarrays. The Spearman 
correlation coefficients for the two data 
sets {/\ and B) were -0.025 and -0.035, 
respectively, indicating a lack of correla- 
tion if mean values for mRNA and protein 
for alt samples is used. 
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mRNA abundance in lung cancer samples. This conclusion is 
also supported by previous results from Anderson and Seil- 
hamer (24), who examined 19 genes in human liver cells, and 
by Gygi et a/. (25), who examined 106 genes in yeast. Both 
studies found a lack of correlation between mRNA and protein 
expression when average or overall levels were used. 

A good correlation was reported when the 11 most abun- 
dant proteins were examined in yeast (25), suggesting that the 
level of protein abundance may be a factor that may influence 
the correlation between mRNA and protein. In the present 
study, a fairly wide range of mean protein values among 165 
protein spots in lung adenocarcinomas was observed, and 
the correlation coefficients also varied from -0.467 to 0.442. 



A comparison between the mean value of each protein and 
the correlation coefficient generated using all 85 tissue sam- 
ples did not reveal a strong relationship between the overall 
protein abundance and the correlation coefficients (r = 0.039; 
p > 0.05). Detailed analysis of different subsets of protein abun- 
dance also failed to show a correlation between mRNA and 
protein expression. Thus in contrast to yeast, a relationship 
between mRNA/protein correlation coefficient and protein 
abundance in human lung adenocarcinomas was not observed. 

The results of this study indicate that the level of protein 
abundance in lung adenocarcinomas is associated with the 
corresponding levels of mRNA in 17% (28 proteins) of the 
total 165 protein spots examined. This was substantially 
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higher than the amount predicted to result by chance alone 
(which was 5.1) and suggests that a transcriptional mecha- 
nism likely underlies the abundance of these proteins in lung 
adenocarcinomas. We also demonstrate that the expression 
of individual isoforms of the same protein may or may not 
correlate with the mRNA, indicating that separate and likefy 
post-translational mechanisms account for the regulation of 
isoform abundance. These mechanisms may also account for 
the differences in the correlation coefficients observed between 
stage I and stage III tumors, indicating that specific protein 
isoforms show regulatory changes during tumor progression. 
Further studies in lung adenocarcinomas will examine the rela- 
tionship between the expression of individual protein isoforms 
and specific clinical-pathological features of these tumors, such 
as the presence of angiolymphatic invasion, and nodal or pleu- 
ral surface involvement. The potential to identify specific protein 
isoforms associated with biological behavior in lung adenocar- 
cinomas would be of considerable interest and will add to our 
understanding of the regulation of gene products by transcrip- 
tional, translation^, and post-translationai mechanisms. 
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An increased high-mobility group A2 expression level is associated with 
malignant plieuotype in pancreatic exocrine tissue. 

AbcN, VVataiiabe T, Suzuki Y . Matsumoto N MasakiT . Mori T . Sugiyama M 
Chiappetta G . Fusco A , A to mi Y , 

First Department of Surgery, Kyorin University School of Medicine, 6-20^2, Shinlcawa 
Milaka, Tokyo ! 8 1 -86 1 1 , Japan, abenbtg@kyorin-u.ac.jp 

The altered form of the high-mobility group A2 (HMGA2) gene is somehow related to 
the gencratton of human benign and malignant tumours of mesenchymal origin 
However, only a few data on the expression of HMGA2 in malignant tumour originating 
from epithelial tissue are available. In this study, we examined the HMGA2 expression 
level in pancreatic carcinoma, and investigated whether alterations in the HMGA2 
expression level are associated with a malignant phenotype in pancreatic tissue. High- 
mobdity group A2 mRNA and protein expression was determined in eight surgically 
resected specimens of non-neoplastic tissue (six specimens of normal pancreatic tissue 
and two of chronic pancreatitis tissue) and 27 pancreatic carcinomas by highly sensitive 
reverse transcriptase-polymerase chain reaction (RT-PCR) techniques and 
immunohistochemical staining, respectively. Reverse transcriptase-polymerase chain 
reaction analysis revealed the expression of the HMGA2 gene in non-neoplastic 
pancreatic tissue, although its expression level was significantly lower than that in 
carcinoma. Immunohistochemical analysis indicated that the presence of the HMGA2 
gene m non-neoplastic pancreatic tissue observed in RT-PCR reflects its abundant 
expression in islet cells, together with its focal expression in duct epithelial cells. Intense 
and multifocal of diffuse HMGA2 immunoreactivity was noted in all the pancreatic 
carcinoma examined, A strong correlation between HMGA2 overexpression and the 
diagnosis of carcinoma was statistically verified. Based on these findings, we propose 
that an increased expression level of. the HMGA2 protein is closely associated with the 
malignant phenotype in the pancreatic exocrine system, and accordingly, HMGA2 could 
serve as a potential diagnostic molecular marker for distinguishing pancreatic malignant 
cells from non-neoplastic pancreatic exocrine cells. 
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extracts. If these minor cell proteins differ among cells to the same extent as the 
more abundant proteins, as is commonly assumed, onry a small number of pro- 
tein differences (perhaps several hundred) suffice to create very large differences 
in cell morphology and behavior. 

A Cell Can Change the Expression of Its Genes 
in Response to External Signals 3 

Most of (he specialized cells in a multicellular organism are capable of altering 
their patterns of gene expression in response to extracellular cues. If a liver cell 
is exposed to a glucocorticoid hormone, for example, the production of several 
specific proteins is dramatically increased. Glucocorticoids are released during 
periods of starvation or intense exercise and signal the liver to increase the 
production of glucose from amino acids and other small molecules; the set of 
proteins whose production is induced includes enzymes such as tyrosine amino- 
transferase, which helps to convert tyrosine to glucose. When the hormone is no 
longer present, the production of these proteins drops to its normal level. 

Other cell types respond to glucocorticoids in different ways. In fat cells, for 
example, the production of tyrosine aminotransferase is reduced, while some 
other cell types do not respond to glucocorticoids at all. These examples illustrate 
a general feature of cell specialization— different cell types often respond in dif- 
ferent ways to ihe same extracellular signal. Underlying this specialization are 
features (hat do not change, which give each cell type its permanently distinc : 
tive character. These features reflect ihe persistent expression of different sets of 
genes. 

i ' 

i 

Gene Expression Can Be Regulated at Many of the Steps 
| in the Pathway from DNA (o RNA to Protein 4 

If differences between the various cell types of an organism depend on the par- 
ticular genes that ihe cells express, at what level is the control of gene expiession 
exercised? There arc many steps in the pathway leading from DNA to protein, and 
all of them can in principle be regulated. Thus a cell can control the proteins it 
makes by U) controlling when and how often a given gene is transcribed (tran- 
scriptional control), (2) controlling how the primary; RNA transcript is spliced or 
otherwise processed (RNA processing control), (.'$) selecting which completed 
inftNAs in the cell nucleus are exported to the cytoplasm (RNA transport con- 
trol). H) selecting which mRNAs in the cytoplasm rue translated by ribosomes 
(translationa! control), (5) selectively destabili/.ing certain mRNA molecules in 
ihe cytoplasm (mRNA degradation control), or (6) selectively activating, inacti- 
vating, 01 compartmentalizing specific protein molecules alter they have been 
made (protein activity control) (Tigiue 0-2). 

l : oi most genes transcriptional contiols are paramount. This makes sense 
because, of all the possible control points illustrated in Figure \)-'2, only transcrip- 
tional control ensuics that no superfluous intermediates are synthesized. In the 
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Summary 

The many types of cells in animals and plants are treated largely through mecha- 
nisms that at use different genes to be transcribed in different cells. Since many spe- 
citdized animal cells can maintain their ttnitpie character when grown in culture, the 
gene regulatory mechanisms involved in creating them must he stable once estab- 
lished- and heritable when the cell divides, endowing the cell wit h n memory of its 
developmental history. Procaryotes and yeasts provide unusually accessible model 
systems in which to study gene regulatory mechanisms, some of which may be rel- 
evant to theereation of spe.cudized cell types in higher eucaryotes. One such mecha- 
nism involves n competitive interaction between two lor more) gene regulatory pro- 
teins, each of which inhibits the synthesis of the other; this can create a flip-flop 
switch that switches n cell between two nlte\ native patterns of gene expression. Di- 
rect or indirect positive feedback loops, which enable gene regttlatory proteins to 
perpetuate their oivn synthesis, provide a general mechanism for Cell memory. 

ta eucaryotes gene transcription is generally controlled by combinations of gene 
'regulatory proteins. It is thought tbnt emit type iff cell in n higher e.unnyolic organism 
contains a specific eombinnlion of gene regulatory proteins that ensures thee.xpres- 
sion of only those genes appropriate to that type oj cell. A given gen it regulatory pro- 
tein tuny be expressed in a variety of circa mstances and typically is involved in the 
re.gulatitm of many genes. 

\n addition to diffusible gene regulatory proteins, inherited states of chromatin 
condensation are idso utilhetl by eimuyotic cells to regulate gene expression. In ver- 
tebrates i)NA utethyltnion idso plays a pur l, mainly as a deeice to reinforce decisions 
tdmiu gene expression that are made initially by other mechanisms. 
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FROM DNA TO RNA 

TVanscripiion and translation ore (he means by which cells read out, or. express, 
the genetic instructions in their genes. Because many identical RNA copies can 
be made from the same gene, and each RNA molecule can direct the synthesis 
of many identical protein molecules, cells can synthesize a large amount of 
protein rapidly when necessary. But each gene can also be transcribed and 
translated with a different efficiency, allowing the cell to make vast quantities of 
some proteins and tiny quantities of others (Figure 6-3). Moreover, as we see in 
the next chapter, a cell can change (or regulate) the expression of each of its 
genes according lo the needs of ihe moment— most obviously by controlling 
the production of its RNA. 



Figure 6-3 Genes can be expressed 
with different efficiencies. Gene A is 
transcribed and translated much more 
efficiently than gene B.This allows the 
amount of protein A in the cell to be 
much greater than that of protein B. 



Portions of DNA Sequence Are Transcribed into RNA 

The first step a cell lakes in rending out a needed part of its genetic instructions 
is to copy a particular portion of its DNA nucleotide sequence— a gene—into an 
RNA nucleotide sequence. The information in RNA, although copied into another 
chemical form, is stiJI written in essentially I he same language as ii is in DNA— 
the language of ;» nucleotide sequence. Hence ihe name transcription. 

Like DNA, RNA is a linear polymer made of four different types of nucleotide 
subunits linked together by phosphodiester. bonds (Figure 6--1). It differs from 
DNA chemically in two respects: (J) the nucleotides • in RNA are 
ribonucleotides— that is. they contain the sugar rrbose (hence the name ribonu- 
cleic acid) rather than deoxyribose: (2) although, like DNA, RNA contains the 
bases adenine (A), guanine (G), and cylosine |Q, it contains the base uracil (U) ■ 
instead of the thymine (T) in DNA. Since U. like T can base- pair by hydrogen- 
bonding with A (Figure 6-- 5). the complementary base-pairing properties 
described for DNA in Chapters J and 5 apply also to RNA (in RNA, (.; pahs with 
C, and A pairs with U). It is noi uncommon, however, to find other types of base 
pairs in RNA: for example, C pairing with U occasionally. 

Despite these small chemical differences, DNA and RNA differ quite dra- 
matically in overall structure. Whereas DNA always occurs in cells as a double- 
stranded helix, RNA is single stranded. RNA chains therefore fold up into a 
variety of shapes, just as a polypeptide chain folds up to form the final shape of 
a protein (Figure 6-6). As we see later in this chapter, the ability to fold into com- 
plex three-dimensional shapes allows some RNA molecules to have structural 
and catalytic functions. 

Transcription Produces RNA Complementary to 
One Strand of DNA 

AJI of the RNA in a cell is made by DNA transcription, a pn... ess that has cer- 
tain similarities to the process of DNA replication discussed irr Chapter S. 
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Figure 6-90 The production of a . 
protein by a eucaryotic cell. The final 
level of each protein in a eucaryotic celt 
depends upon the efficiency of each step 
depicted 



lire 6-90) couhl be regulated by the cell for e;ich individu;d protein. However, as 
we shall see in Chapter 7, I he initial ion of tjansoipijon is the most common 
point for a cell to regulate the expression ol each of its genes. This makes sense, 
inasmuch as the most efficient way 10 keep a gene honi being expressed is to 
block the very Inst step — the transcription of its ONA sequence into an HNA 
molecule. 



Summary 

The translation of the nucleotide sequence of on mlij\'A molecule into protein fakes 
place in the cytoplasm on a large rihonucteoprotein assembly called n ribosome. The 
amino rtcids used for protein synthesis are first attached to a family of iHNA 
molecules, each of which recognizes, by complementary base pair interactions, par- 
ticular sets of three nucleotides in the nrliNA (cottons), lite sequence t>J nucleotides in 
the nrliNA is then read from one etui u> die other in sets of three according to the 
generic code. 

To initiate translation, a small t ibosomal subttnit bimls to the in UNA molecule 
at a start codon (AUG) that is recognized by a urriqne initiator tHNA molecule. A 
large r ibosomal snbunit binds to complete the tibosome ami begin the elongation 
phase of pnnein synthesis. During this phase, aminoacyl tliNAs — each bearing a 
specific amino acid hind sequentially to the appropriate anion in mltNA by forming 
complementary base pairs with the tRNA anticodon. lurch tnn'mo acid is ft titled to the 
C-terminal eml of the growing polypeptide by means of t i cycle of ' three sequential 
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Figure 7-5 Six steps at which 
eocaryotk gene expression can be 
controlled. Controls that operate at 
steps I through 5 are discussed in this 
chapter. Step 6, the regulation of protein 
activity, includes reversible activation or 
inactivation by protein phosphorylation 
(discussed in Chapter 3) as well 3s 
irreversible inactivation by proteolytic 
degradation (discussed in Chapter 6). 



Gene Expression Can Be Regulated at Many of the Steps 
in the Pathway from DNA to RNA to Protein 

If differences nmong the various cell types of an organism depend on the panic - 
ular genes that ihe cells express, .it what level is the control of gene expression 
exercised? As we saw in the last chapter, Ihcre are many steps in the pathway 
leading from DNA to protein, and all of (hem can in principle be regulated. Thus 
3 cell can control the proteins it makes by (1) controlling when and how often a 
given gene is transcribed ( transcript i on ai control), (2) controlling how ihe KNA 
transcript is spliced or otherwise processed (RNA processing control), (3) 
selecting which completed mKNAs in the cell nucleus are exported to the cytosol 
and determining where in the cytosol they are localized (RNA transport ami 
localization control), M) selecting which mRNAs in the cytoplasm are translated 
by ribosomes (translations! control), (5) selectively destabilizing certain mliNA 
molecules in the cytoplasm (mRNA degradation control), or (f>) selectively acti- 
vating,, inactivating, degrading, or compartmentalizing specific protein 
molecules after they have been made (protein activity control) { figure 7-5). 

For most genes transcriptional controls are paramount, t his makes sense 
because, of all the possible control points illustrated in l-igure 7~ r >. only tran- 
scriptional control ensures that the cell will no I synthesize super 11 no us inter me- 
diates. In the following sections 'we discuss ihe DNA and protein components 
i.'iat pei form this function by regulating the initiation of gene transcription. We 
•••hall return at the end of the chapter to the additional ways ol' regulating gene 
'Wpjession. 



nummary 

•he genome of a cell contains in its DNA sequence the information to moke many 
<housan<ts of different protein and UNA molecules. A cell typically expresses only a 
traction of its genes, and the different typrs of cells in multicellular organisms arise 
i-xause different sets of genes arc expressed. Moreover, celts enn change the pattern 
■ genes they express in response to changes in their environment, such us signals 
! --in other cells. Although all of the steps involved in expressing n gene can in pritt- 
::ple be regulated, for most genes the initiation of RNA transcription is the most 
'■: port ant point of control. 



'i\v does a cell determine which ol "us thousands ol genes to tiansciiheV As 
• = -rmioned bi icily in Chapters -I and i>. the transcription of each gene is con- 
<■ .-.led by a tegulototy legion ol DNA m latively neat the site where n .'inscription 
' -'Mrs. Some legulaiojy legions air simple and act as switches that are thrown 
'■■ •:• Single signal. Many others are complex and ail as liny microprocessor-;. 
■ ■ ponding to a variety of signals thai they interpret and integrate to switch the 
•>- :;;hboting gene on or off. Whether complex or simple, these switching device; 
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Selective apoptosis of natural killer-cell tumours by l-asparaginase. 

Ando M , Sugimoto K , Kiroh T . Sasaki M , Mukai K , Ando J , Egashira M , Schuster 
SM, Oshimi K . 

Department of Haematology, Juntendo University School of Medicine, Tokyo, Japan. 

We examined the effectiveness of various anti-tumour agents to natural killer (NK)-cell 
tumour cell lines and samples, which are generally resistant to chemotherapy, using flow 
. cytometric terminal deoxynuci eot idyl trans ferase-mediated dUTP-biotin nick end- 
labelling (TUNEL) assay. Although NK-YS and NK-92 were highly resistant to various 
anti-tumour agents, 1-asparaginase induced apoptosis in these two NIC-cell lines. NK-cell 
leukaemia/lymphoma and acute lymphoblastic leukaemia (ALL) samples were . 
selectively sensitive to i-asparaginase and to doxorubicin (DXR) respectively. Samples of 
chronic NK lymphocytosis, an NFC-cell disorder with an indolent clinical course, were 
resistant to both drugs. Our study clearly separated two major categories of NK-cell 
. disorders and ALL according to the sensitivity to DXR and 1-asparaginase. We examined 
asparagine synthetase levels by real-time quantitative polymerase chain reaction (RQ- 
PCR) and immimostaining in these samples. At least in nasal -type NK-cell lymphoma, 
there was a good correlation among asparagine synthetase expression, in vitro sensitivity 
and clinical response to l-asparaginase. In aggressive NK-cell leukaemia, although 
asparagine synthetase expression was high at both mRNA and protein levels, 1- 
asparaginase induced considerable apoptosis. Furthermore, samples of each disease entity 
occupied a distinct area in two-dimensional plotting with asparagine synthetase mRNA 
level (RQ-PCR) and in vitrol-asparaginase sensitivity (TUNEL assay). We confirmed 
rather specific anti-tumour activity of 1-asparaginase against NK-cell tumours in vitro, 
which provides an experimental background to the clinical use of 1-asparaginase for NK- 
cell tumours. 
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Human thyroid carcinoma cell lines and normal thyrocytes: expression 
and regulation of matrix metailoproteinase-l and tissue matrix 
metalloproteinase inhibitor-1 messenger-RNA and protein. 

Aust G» Hofmann A, Laue S, Rosf A. Kohler T , Scherbaum WA . 

Institut of Anatomy, University of Leipzig, Germany. 

Matrix metalloproteinase- 1 (MMP-1) and tissue matrix metalloproteinase inhibitor 1 
(TIMP-1) play an important role in remodeling the extracellular matrix in normal and 
pathological processes. The effect of phorbol-myristate acetate (PMA), interleukin-1 (IL- 
.1), and tumor necrosis factor-alpha (TNF-aipha) on MMP-1 and TIMP-1 expression was 
studied on highly purified thyrocytes and undifferentiated 8505 C, C 643, HTh 74, SW 
1736 thyroid carcinoma cells compared with thyroid-derived fibroblasts. Messenger RNA 
(mKNA) levels were monitored by competitive semiquantitative reverse transcriptase 
polymerase chain reaction (RT-PCR) after 24 hours. Culture supernatants were assayed 
for free and/or complex ed MMP-1 and TIMP-1 after 48 hours using enzyme-linked 
immunosorbent assay (ELI S A) systems (detection limit: <2 ng/mL). MMP-1 and TIMP-1 
mRNA were present in all cell types, although thyrocytes showed MMP-1 mRNA levels 
near the detection limit. 8505 C expressed MMP-1 mRNA levels of up to 10(6) times 
those of the other cells analyzed. PMA and 1L-1 increased MMP-1 mRNA in most cell . 
types. TIMP-1 mKNA increased after treatment with PMA in all cells except 8505 C, 
whereas only slight effects were shown after IL-I stimulation. MMP-1 protein was 
undetectable in normal thyrocyte cultures, but was secreted spontaneously by all cell 
lines ([ng/mL]; C 643: 15+/-7; HTh 74: 8I+/-1; SW 1736: 13+/-2; 8.505 C: 2097+/-320). 
There was a strong correlation between levels of MMP-1 mRN A and protein (r = 0.99, p 
< .0001). PMA and IL-1 increased MMP-1 secretion in all cell types after 48 hours. 
Fibroblasts ([ng/mL] 517+/-55) and the cell lines (C 643: 142+/-48; HTh 74: 1 15+/-13; 
SW 1736: 202+/-34; 8505C: 120+/- 19) secreted TIMP-1 in unstimulated cultures, 
whereas only a trace amount was detected in thyrocyte cultures, even after PMA 
treatment. IL-1 upregulated TIMP-1 secretion after 48 hours in SW 1736, HTh 74, and C 
643 cells. Our data suggest that in contrast to normal thyrocytes, dedifferentiated thyroid 
carcinoma cell lines are potential producers of MMP-1 as well asTIMP-I. High MMP-1 
or MMP-I/TJMP-1 expression may play a role in tissue invasion of undifferentiated 
thyroid cancer cells. 
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Human Thyroid Carcinoma Cell Lines and Normal 
Thyrocytes: Expression and Regulation of Matrix 
Metalloproteinase-1 and Tissue Matrix Metalloproteinase 
Inhibitor- 1 Messenger-RNA and Protein 

G. AUST, 1 A. HGFMANN, 2 S. LAUE, 2 A. ROST, 3 T. KOHLER, 3 and W.A. SCHERBAUM 4 

ABSTRACT 

Matrix metalloproteinase- 1 (MMP-1) and tissue matrix metalloproteinase inhibitor 1 (TIMP-1) play an impor- 
tant role in remodeling the extracellular matrix in normal and pathological processes. Theeffect of phorbol-myris- 
tate acetate (PMA), interleukin-1 (IL-1), and tumor necrosis factor-o* (TNF-a) on MMP-1 and TIMP-1 expres- 
sion was studied on highly purified thyrocytes and undifferentiated 8505 C, C 643, HTh 74, SW 1736 thyroid 
carcinoma cells compared with thyroid- derived fibroblasts. Messenger RNA (mRNA) levels were monitored by 
competitive semiquantitative reverse transcriptase polymerase chain reaction (RT-PCR) after 24 hours. Culture 
supernatants were assayed for free and/or complexed MMP-1 and TIMP-1 after 48 hours using enzyme-linked 
immunosorbent assay (EL1SA) systems (detection limit; <2 ng/mL). MMP-1 and TIMP-1 mRNA were present in 
all cell types, although thyrocytes showed MMP-1 mRNA levels near the detection limit. 8505 C expressed MMP- 
1 mRNA levels of up to 10 6 times those of the other ceDs analyzed. PMA and EL- 1 increased MMP-1 mRNA in 
most cell types. TIMP-1 mRNA increased after treatment with PMA in all cells except 8505 C, whereas only 
slight effects were shown after IL-1 stimulation. MMP-1 protein was undetectable in normal thyrocyte cultures, 
but was secreted spontaneously by all cell lines ([ng/mL]; C 643: 15 ± 7; HTh 74: 81 ± 1; SW 1736: 13 ± 2; 
8505C: 2097 ± 320). There was a strong correlation between levels of MMP-1 mRNA and protein [r— 0.99, 
p < .0001). PMA and IL-1 increased MMP-1 secretion in all cell types after 48 hours. Fibroblasts ([ng/mL] 517 ± 
55) and the cell lines (C 643: 142 ± 48; HTh 74: 115 ± 13; SW 1736: 202 ± 14; 8505 C: 120 ± 19) secreted 
TlMPrl in unstimulated cultures, whereas only a trace amount was detected in thyrocyte cultures, even after PMA 
treatment. IL-1 upregulated HMP-1 secretion after 48 hours in SW 1736, HTh 74, and C 643 cells. Our data 
suggest that in contrast to normal thyrocytes, dedifferentiated thyroid carcinoma cell lines are potential produc- 
ers of MMP-1 as well as TIMP-1. High MMP-1 or MMP-1/TIMP-1 expression may play a role in tissue inva- 
sion of undifferentiated thyroid cancer cells. 



INTRODUCTION 

MATRIX METALLOPROTEINASE5, (MMPs) constitute a 
family of structurally related proteolytic enzymes re- 
sponsible for the proteolytic degradation of extracellular 
matrix (ECM) components. They are important partici- 
pants in normal tissue remodeling and contribute to the 
pheootype of several pathological conditions that are as^ 
sociated with progressive ECM degradation. MMPs are 
highly regulated at different levels (I). At the transcrip- 
tional level, MMP expression can be directly induced or 



suppressed on external stimulation, ie, with cytokines, 
phorbol 12-myristate 13-acetate (PMA), lipopolysaccaride 
(LPS), or retinoic acid (2,3). After secretion at post-uan- 
scriptional level, latent MMP proenzymes are regulated by 
proteolytic activation and interaction with tissue inhibitors 
of matrix metalloproteinase (TlMPs), their specific in- 
hibitors. Any imbalance berween rhe proteolytic MMPs ac- 
tivities and the TlMPs that could be influenced and caused 
by cytokines could potentially lead to pathological condi- 
tions (4). 

MMP-1, although known as an interstitial collagenase, 
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is the only enzyme active at neutral pH that can degrade 
extracellular fibers comprised of collagen types 1, II, and 
HI. With this initial step, MMP-1 provides the cleavage 
products to other collagenase types (5). The major specific 
inhibitor of MMP-1 is 11MP-1, a 28.5-kd glycoprotein, 
which forms 1:1 stoichiometric complexes with the' pro- 
tease (6). Cytokines and growth factors have been shown 
to regulate the expression of both MMP-1 and TIMP-1 

Although the participation of MMP-1 as the initial col- 
lagenase in tissue breakdown during tumor development is 
well documented (9-11), only one study has described the 
expression (12) but no study has as yet investigated the reg-: 
ulation of this enzyme in different thyroid rumors. Few stud- 
ies have been published investigating the role of other 
MMPs in normal and pathological thyroid tissue by in situ 
hybridization and immunohistochemistry (13-16). Fur- 
thermore, tissue remodeling includes both the action of 
MMPs and their inhibitors; thus, these enzymes could be 
involved in autoimmune and other nonautoimmune thyroid 
diseases during morphological changes (1 7,1 8). It is still un- 
known whether of not thyrocytes are able to express MMPs 
and TIMPs. Although type IV coilagenases (MMP-2 and 
MMP-9) were detected in various human epithelial cells of 
different tissue origin (19,20), only one study described the 
secretion of MMP-1 by epithelial cells (21). 

Highly purified normal thyrocytes and four thyroid car- 
cinoma cell lines were included in this study to investigate 
the involvement of these cells in MMP-1 and TIMP-1 pro- 
duction during thyroid tissue remodeling processes and in 
malignant thyroid neoplasms. MMP-1 and TIMP-1 ex- 
pression were studied at both the mRNA and protein level 
by semiquantitative RT-PCR and ELI S A measurement, re- 
spectively. 

In unstimulated carcinoma cell lines both MMP-1 and 
TIMP-1 mRNA were expressed, partly at a high level, fol- 
lowed by the spontaneous secretion of the proteins. The 
various conditions for the stimulation of the different cell 
lines by cytokines and PMA were defined. In contrast to 
the cell lines, normal thyrocytes did not secrete MMP-1 
and only trace amount of TIMP-1, even after stimulation 
with PMA. 



MATERIALS AND METHODS 

Preparation of tissues, thyroid-derived cells, and 
cell lines 

Thyrocytes were prepared from surgical thyroid speci- 
mens from 3 patients (1 Graves' disease, 2 nontoxic goi- 
ler; mean age 54.3 ± 5.0 years). Fibroblasts were separated 
from thyroid tissue of 5 other patients (3 Graves' disease, 
2 nontoxic goiter; mean age 43.6 i 6.4 years). Graves' dis- 
ease and nontoxic goiter were diagnosed on the strength 
of clinical, biochemical, and immunologic features as well 
as thyroid scintiscans. 

Thyroid tissue was trimmed of fat and connective tissue 
immediately after surgery. Thyroidrderived cells were en- 
riched after gradual enzymatic digestion of tissue and cul- 
tured over a peiiod of J 6 hours as desciibed. Thyrocvtes 
were obtained horn the adherent 'fraction by incubating 



the cell monolayer with phosphate buffered saline (PBS) 
without Ca 2 ~/Mg 2+ for 45 minutes (22). Residual fibro- 
blasts were removed after subsequent incubation of the 
cells with the fibroblast : specific mab FibASOl (22) and 
goat-anti-mouse IgG-DYNABEADS® M450 (DYNAL, 
Hamburg, Germany) according to the manufacturer's pro- 
tocol.. 

Thyroid-derived fibroblasts were obtained after culruring 
small pieces of thyroid tissue in Dulbeccos's Modified Ea- 
gle's Medium (DMEM) with 10% fetal calf senun (FCS) 
and harvested in the 5th to 7th passage. The purity of the 
thyrocytes and fibroblasts was determined by using indirect 
immunofluorescence technique on a FACS-Scan (Bectori 
Dickinson GmbH, Heidelberg, Germany) as described (22)1 

The following human anaplastic thyroid carcinoma cell 
lines were cultured in DMEM with 10% FCS: C 643 (23)- 
SW 1736 (23); and HTh 74 (24). The cell line 8505 C (25) . 
was purchased from the German Collection of Microor- 
ganisms and Animal Cell Cultures (DSM ACC219). This 
cell line was established from a primary thyroid tumor 
characterized histologically as a undifferentiated carcinoma 
that was partially composed of poorly differentiated pap- 
illary cells (25). This is a feature of a subgroup of anaplas- 
tic carcinoma (26). The majority of these coexistent better 
differentiated carcinoma foci in anaplastic- carcinoma were 
papillary (26): 

In vitro cultures 

Using 24- well plates, 1 X 10 3 cells were cultured for 24 
hours. The medium was aspirated and replaced with 500 
til OPTI-MEM (G1BCO BRL, Grand Island, NY) without 
FCS to eliminate possible stimulation of MMP-1 arid 
TIMP-1 production by FCS. The medium contained the 
desired concentration of human IE-la (10 U/ml; Pepro 
Tech EC Ltd., London, UK), TNF-a (100 U/mL; Ptpro 
Tech EC Ltd.), interferon- y (IFN-y) (500 U/mL; Pepro 
Tech EC Ltd.), or 10 ng/mL PMA (SIGMA)! 

Triplicate culrures of each stimulator were analyzed af- 
ter 3, 6, and 24 hours at the mRNA and after 24 and 48 
hours at the protein level. The supernatants were removed 
and stored at - 80°C for further use. First,. a collagenolytic 
assay based on the digestion of type 1 collagen was per- 
formed. This method showed direct evidence of free pro- 
MMP : 1 enzyme in the cell culture supernatants of un- 
stimulated and JL- la stimulated 8505 C, HTh 74, and 
C634 cells (data r>ot shown). However, the method does 
not allow quantitation of MMP-1 enzyme activity. Thus, 
ihe cell culture supernatants were assayed for MMP-1, 
TIMP-1, and MMPl/TlMP-1 complex by EL1SA (Amer- 
sham Life Sciences, Braunschweig, Germany). The MMP- 
1 assay (sensitivity: 1.7 ng/mL) detected only total human 
MMP-1, ie, free MMP-1 and MMP-1 completed with in- 
hibitors such as TIMP-1. It did not detect MMP-1 bound 
by the nonspecific protease inhibitor o 2 -macroglobulin. 
The MMP-i/TlMP-J assay (sensitiviry: L5 ng/mL) de- 
tected MMP-l/TIMP-1 complex, ie, activated MMP-1 that 
has been subsequently complcxed with the specific MMP- 
1 inhibitor TIMP-1. It did not detect free active MMP-1, 
free TIMP-1, or pro-MMP-L There was no cross-teactiv- 
ity with active MMP-1 bound by the nonspecific protease 
inhibitor armacroglobtilin. The TIM P- I assay (sensitivity; 
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1.25 ng/mL) detected total human T1MP-1, ie, free T1MP- 
1 and that complexed with MMPs. The assay did fully 
cross-react with TIMP-1 in complexes with other MMP. 
It did not cross-react with TIMP-2. 

RNA extraction and cDNA synthesis 

For gene expression studies, 5 mL.RNAzol™ B (Biotex 
Laboratories Inc., Houston, TX) was added to the cell cul- 
ture wells. The content of three wells of any cell type was 
pooled and then stored frozen for further mRNA analysis 
in. liquid nitrogen. Total cellular RNA (cDNA) was iso- 
lated from the probes according to the manufacturer's pro- 
tocol. RNA was fractionated on a denaturing 1.0% agarose 
gel and stained with ethidium bromide to confirm that 
spectrophotometric measurements were accurate arid that 
the RNA had not been degraded. Five micrograms total 
RNA was reverse-transcribed to cDNA using the First- 
strand cDNA synthesis kit of Pharmacia (Uppsala, Swe- 
den) in a total reaction volume of 15 uL. 

rnRNA analysis by competitive RT-PCR 

To correct for variations across different cDNA prepa- 
rations; all samples were first adjusted to contain equal in- 
put glyceralderyde-3-phosphaie dehydrogenase (GAPDH) 
cDNA concentrations. Semi-quantitative GAPDH RT-PCR 
was used with a heterologeous synthetic competitor frag- 
ment. The generation of the specific PCR products from 
the competitor and the cDNA with the GAPDH primers 
were published earlier (22,27). 

We then estimated the MMP-1 and TLMP.l cDNA in 
these adjusted samples. The primers were selected using the 
DNAsis computer program (Hitachi Software Engineering 
Co, Yokohama, Japan). The primer pairs sp3n one or more 
introns to allow unambiguous discrimination between 
cDNA and unwelcome contaminating genomic DNA. In 
quantitating MMP-1 and TLMPrl cDNA, a rapid one-step 
method was introduced to synthesize an internal honriolo- 
geous competitor (plan diagram of procedure: Fig. 1, ex- 
emplary for MMP-1 [28). A hybrid primer was synthesized 
(MMP-lhy) that consisted of two segments (segi, seg 2 ). It 
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FIG. 1. Genera) scheme lor generating homologous com- 
petitors used for quantitative PCR. 



had a length of 40 nucleotides, in which 20 nucleotides (seg,) 
at the 3' end corresponded to the opposite strand of the tar- 
get sequence a predetermined distance from primer MMP- 
lf, and 20 nucleotides at the 5- end (seg2 ~ MMP-lr) that 
corresponded to the target sequence upstream from the seg- 
ment segi. Amplification with the primers MMP-lf and 
MMP-lhy from the cDNA resulted in a 478- base pair (bp) 
(polymerase chain reaction (PCR) product. It was freed from 
excess primers and deoxynucleoside- triphosphates (dNTPs) 
using the Qiaquick Gel Extraction Kit (Qiagen GmbH, 
Hilden, Germany) and quantified. A known number of 
copies of the competitor was introduced in the GAPDH-ad- 
justed samples and amplified with the primers MMP-lf and 
MMP-lr. With this approach, two products were generated, 
one derived from the cDNA (560 bp) arid another, 82 bp 
smaller in size derived from the internal competitor (Fig. 1). 
PCR. products were resolved by gel electrophoresis (1.5% 
agarose gel). The relative amounts of sample cDNA and 
competitor were quantified by measuring the intensity of 
ethidium fluorescence with a CCD -image sensor and .ana- 
lyzing the data with the EASY program (Herolab, Wiesloch, 
Germany). The initial amounts of sample cDNA and com- 
petitor were assumed to be equal in those reactions where 
the ratio of the two products was judged to be equal. This 
was expressed in arbitrary units (AU) (22,29). One AU was 
defined as the lowest concentration of competitor yielding 
a detectable amplification product when added to PCR 
alone. For example, if equivalence between sample cDNA 
and competitor was reached using a 100- fold concentrated 
competitor the relative sample cDNA concentration was 100 
AU- Thyrocytes and the cell lines were analyzed for the ex- 
pression of thyroid-specific and cytokine receptor mRNAs 
in a simple RT-PCR. The sequences of the TPO and cy- 
tokine receptor primer pairs have been published by Wat- 
son et al. (30) and Tada et al. (31) and gave the following 
product sizes: TPO: 506 bp; IL-1R type I (p80):300 bp; 1L- 
1R type II (p68): 392 bp; TNF-aR (p75): 324 bp; TNF-aR 
(p55): 587 bp and IPN- 7 R: 899 bp. The thyroglobulin (Tg) 
and thyroid stimulating hormone receptor (TSH-R) primer 
pairs were selected according to the published sequences us- 
ing the DNAsis program (Table 1). 

Each 25-uL amplification reaction contained 2.5 u.L 
10 X concentrated PCR buffer (15 mM MgCf*, Boehringer 
Mannheim, Germany), 0-3 U Taq DNA polymerase 
(Boehringer Mannheim, Germany), 100 /jlM dNTPs 
(Perkin Elmer, Weiterstadt, Germany), 0.1 of each 
primer (1MB, Jena, Germany), and 1 uL cDNA and com- 
, petitor in adjusted dilution. Furthermore, restriction map- 
ping (restriction enzymes: Boehringer Mannheim GmbH, 
Germany) was carried out to confirm the originality of the 
PCR product (Fig. 1, Table 1). 

Statistics 

Protein levels of thyrocyte or fibroblast cultures from the 
different patients and of the thyroid carcinoma cell lines ob- 
tained from three separate experiments were presented as 
mean ± SEM values. Statistical comparisons between un- 
stimulated and stimulated cell cultures were performed by 
the alternate (Welch) t-test. The correlation between basal 
mRNA levels and ihe unstimulated protein secretion in all 
cell rypes was calculated according 10 the Spearman method. 
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Table \. Primers, Length of Amplified Templates, Restriction Mapping and Assay Conditions for RT-PCR 







Primer 




Length of 


Length of 


Annealing , 


Number of 






5 '~ 


-r 


COM (bp)- 


competitor (bp) 


temperature 


cycles 


Tg 


forward 


GCAGATCTTACTGAGTGGCT 




416 




60 


35 


reverse 


TGTCAGCACAGTGCCAATAC 












TSH-R 


forward 


ACTTGCTGCAGGTGGTGCT 




354 




65 


35 


exons 1-4 


reverse 


TGAGGGCATCAGGGTCTATG 












TSH-R 


forward 


GAAATTCGGAATACCAGGAACTTA ACT 


896 




53 


35 


cxons 4-10 


reverse 


AACTCATCGGACTTGGGGGTACA 












MMP-i 


forward 
reverse 
hybrid 


TGGGAGCAAACACATCTGAC 
ATCACTTCTCCCCGAATCGT 
ATCACTTCTCCCCGAATCGT 
CCATATATGGGTTGGATGCC 




560 


478 • 


64 


33 


TLMP-1 


forward 
reverse 
hybrid 


CTTAGGGGATGCCGCTGACA 
GGCAGGCAGGCAAGGTGACG 
GGCAGGCAGGCAAGGTGACG 
GGATGGATAAACAGGGAAAC 




351 


' . 274 


64 


30 



Tg indicates ihyrogtobulinc; TSH-R, thyroid stimulating .bormorte receptor, MMP-1. matrix roetalloproteinase-l: TTMP-1, tissue inhibitor of 
meiatloproteinasc-I; bp, base pair. 



RESULTS 

Thyroid specific and. cytokine receptor 
mRNA expression 

Isolated thyrocytes as well as 8505 C cells expressed Tg 
and thyroperoxidase (TPO) mRNA, whereas transcripts of 
the TSH-R (exons 1-4, 354 bp, exons 4-10, 896 bp) were 
present only in the thyrocytes. The three anaplastic thy- 
roid carcinoma' cell lines SW 3736* C 634, and HTh 74 
were completely negative for the Tg, TPO, and TSH-R mR- 
NAs (Fig. 2). All cell lines and thyrocytes expressed 1L-1R 
(rype I and type II), TNF-aR (p75 and p55) and IFN-yR 
mRNA (Fig. 2). 

Basal MMP-1 and TIMP-1 mRNA and 
protein expression 

In most stimulation experiments, mRNA levels did not 
increase until 24 hours of incubation. The 24-hour mRNA 
levels are shown in Figures 3 and 4. The 3- and 6- hour 
levels are demonstrated in those experiments where the 
mRNA levels reached their peak before 24 hours of stim- 
ulation. If not otherwise indicated, the MMP-1 levels were 
measured using the EL3SA system, which recognizes 
iree/cornplexed MMP- 1 . 

MMP-1 and' TIMP-1 mRNA were found during un- 
stimulated culture in all investigated cell types, although 
the mRNA levels varied over a great range. 8505 C showed 
a basal MMP-1 mRNA level 20 times as high as those 0/ 
the HTh 74 cells, 6 X ]0 4 times as high as C 643, and 2 X 
I0 6 times as high as SW 1736 cells. In thyrocytes, MMP- 
1 mRNA levels were found near the detection limit (Figs. 
3 and 4). 

Generally, when analyzing the noted cell types, the mea- 
sured basal MMP-1 or TIMP-I mRNA levels correlated 
well with the basal protein expression (MMP-1: r - 0.99, 
p < ,0O0I;TIMP-1:r = 0.98, p < .002). Corresponding to 
the high MMP-1 mRNA level, 8505 C cells secreted ex- 
irrmely high levels of MMP-1. No MMP-I or TIMP-1 was 



detected in unstimulated 'thy rocyte cultures, at any rime- 
point examined. All other cell types showed a spontaneous 
MMP-1 and TIMP-1 secretion (Figs. 5 and 6). thyroid- 
derived fibroblasts produced, basal TIMP-1 levels of up to 
4 times higher in the four carcinoma cell lines, which se- 
creted nearly the same amounts 0/ basal TIMP-1 protein. 
Nevertheless, TIMP-1 secretion of fibroblasts was found 
at lower levels than expected after TTMP-1 mRNA mea- 
surement in 4 of 5 analyzed patients. The results of the fi- 
broblast cultures from patient five showing a higher TTMP- 
1 expression than those from the 4 other patients (basal 
24 hour: 50 ± 2; PMA 24 hour:. 90 ± 6 ng/rnL TTMP-1) 
was omirted in Figure 6. 

Comparing the basal amount of free/complexcd and 
TIMP-1 complexed MMP-1 after 24 hours of stimulation, 
a significant level of MMP-1 was not complexed with 
TIMP-1 in 8505 C cultures, whereas in fibroblast cultures 
most of the MMP-1 activity was inhibited by TLMP-1. The 
anaplastic carcinoma cell line HTh 74 did not show such 
a great discrepancy between free/com plexed and TIMP-1 
complexed MMP-I level as 8505 C cells (Fig. 7). 

Effects of IL lct on MMP-} and TJMP-} mRNA and 
protein expression 

Experiments were performed to determine whether hu- 
man thyroid epithelial cells and thyroid carcinoma cell lines 
could produce or increase basal MMP-1 and TIMP-1 se- 
cretion after exposure to various stimuli. The results from 
these stimulation experiments are summarized in Figures 
3 through 5. Generally, there was a delay in protein se- 
cretion level in comparison to the mRNA expression level. 
At the protein level, the cytokine-mediated stimulating or 
inhibiting effect is more distinct after 48 hours compared 
with 24 hours, even when the mRNA level had already de- 
creased after 6 hours. 

1L-1 upregulated MMP-1 mRNA in SW 1736 cells up 
to 100 times and, in thyroid-derived fibroblasts, up to 12 
times after 24 hours of incubation (Fig. 3). This increased 
mRNA level was accompanied by a significantly enhanced 
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FIG. 2. Amplification of thyroid specific and inter Icukin-rcccptor mRNA in thyrocytes (1), S^W 1736 (2), C 643 (3), HTh 
74 (4) and 8505 C (5) cells using RT-PCR; M f = 100-bp ladder (GIBCO). 



MMP-1 secretion after 48 hours. Furthermore, IL-1 a in- 
creased MMP-1 mRNA expression in thyrocytes up to 
seven times after 6 hours, but no MMP- 1 protein could be 
detected in thyrocyre cultures. IL-1 had no stimulatory ef- 
fect on MMP-1 mRNA expression in C 643, HTh 74, and 
8505 C cells after 24 hours, although a significant inctease 
of MMP-1 secretion was found in HTh-74 and SW 1736 
cells after 48 hours of incubation (Fig. 5). This discrepancy 
may be explained by a possible increase in MMP-1 mRNA 
level after 24 hours. of stimulation. The same effect could 
also be observed in the IL-1 stimulated TIMP-1 at the 
mRNA as well 3s the protein level: the only slight effect 
of IL-1 on TIMP-1 mRNA expression in carcinoma cell 
lines after 24 hours was accompanied by a significant in- 
crease of TIMP-1 secretion in 8505 C and HTh 74 cells 
after 48 hours (Figs. 4 and 6). 

Effects ofTNF-a on both MMP-lfTlMP-l mRNA 
and protein expression 

In contrast to IL-1, TNF-a did not stimulate the MMP- 
1 and TIMP-1 mRNA and protein levels in all carcinoma 
cell lines and thyrocytes. Only thyroid-derived fibroblasts 
responded with a slight upregulation of MMP-1 and TIMP- 
1 mRNA expression after TNF-rr stimulation, which was 
not accompanied by an increase of MMP-1 and T1MP- 1 
secretion. 



Effects of PMA, and IFN-y on MMP-1 and TIMP1 
rriRNA and protein expression 

PMA was included in our study as a positive control 
because it is known to upregulate.or induce both MMP- 
1 and TIMP-1 secretion in various cell types (1,32). In- 
deed, PMA was able to induce or enhance MMP-1 
mRNA levels in all cell types investigated, although the 
detected levels varied to a large extent (Fig. 3). This re- 
sult is in good correlation with the significantly increased 
MMP-1 protein levels that were already detectable after 
24 hours of stimulation (Fig. 5). PMA upregulated T1MP- 

1 mRNA levels by up to 20 times in C 643, and op to 

2 times in SW 1736 and HTh 74 cells, fibroblasts and. 
thyrocytes, but it did not change the TIMP-1 mRNA con- 
tent in 8505 cells {Fig. 4). At the protein level, we found 
a significant stimulation of TIMP-1 secretion in C 643 
and HTh 74 cells, as well 3S in thyroid-derived fibrob- 
lasts (Fig. 6). 

In contrast 10 PMA, )FN-> was without effect on stim- 
ulation or downregulation of MMP-1 andTIMP-I rnRNA 
or protein in anv of the cell rypes investigated (Figs 5 and 
6). 

The main inhibitor of MMP-1 is T1MP- 1 , which forms 
1:1 stoichiometric complexes with MMP- 1 , although some 
other inhibitors can also bind MMP-1. On the other hand, 
TIMP-1 can bind other MMP types. 
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FIG. 3. Representative samples of competitive amplified MMP-J mRNA of thyrocytes, thyroid-derived fibroblasts and thy- 
roid carcinoma cell lines without stimulation (control) and after stimulation with JO U/mL JL-ler and 100 U/mL TNF-ct and 
10 ng/mL PMA after 24 hours. Serial dilutions of known amounts of the competitor fragment were coamplified with identi- 
cal aliquots of cDNA. The 560-bp (cDNA) and 478-bp (competitor) PCR products were visualized by agarose gel electrophoresis 
3nd ethidiumbromide staining. The relative concentration of the added competitor was given in arbitrary units (AU) in the 
figure. One AU was defined as the lowest concentration of the competitor yielding a detectable amplification for MMP-1 
mRNA. The ratio of competitor to cDNA fragments was determined by measuring the intensity of ethidiurn fluorescence with 
a CCD image sensor and analysis of data. Measured cDNA concentration can expressed in AU. 



DISCUSSION 

Our findings demonstrate for the first time thai thyroid 
carcinoma cell lines arc able to express MMP-1 and T1MP- 
1 mRNA and protein at significant levels in vitro. The ob- 
servation of spontaneous release of MMP-1 and T1MP-1 
corresponds well with earlier studies covering the secretion 
of these proteins by several carcinoma cell lines (33,34). 

However, m contrast to its clear physiological function 
in extracellular matrix breakdown, the role of MMP-J in 
tumor growth and metastases is still controversial 
(9-11,3.5). Recently, Murray ci al. (10) demonstrated that 
MMP- 1 is associated with poor prognosis in colorectal can- 
cer, and has n prognostic value independent of the Dukes 
stage. Therefore, MMP-J could be a target for therapeu- 
tic intervention in such tumors. Furthermore, the hypoih- ' 
csis of whether or not cancer cells themselves are able to 



produce MMP, or whether cancer cells stimulate the sur- 
rounding stromal cells to secrete MMP in vivo, is disputed. 
MMP-1 mRNA and protein were detected by both in situ 
hybridization and immunohistochemistry in stromal as 
well as tumor cells of head, neck, gastric, colorectal, and 
mammary carcinomas (9,10,36,37). In contrast, 
Kamcyama (12) demonstrated by in situ hybridization that 
the MMP-1 mRNA was not expressed in the cancer cells 
but in the surrounding fibrous capsules of strongly differ- 
entiated papillary thyroid carcinoma tissue. Highly differ- 
entiated follicular carcinomas and follicular adenomas 
were depleted for MMP- 1 transcripts. Undifferentiated fol- 
Iiculary, papillary, and aggressive anaplastic carcinomas 
that showed poor prognosis and strong tumor invasive and 
metastatic potential and that can be compared in their 
morphological, genetic and growth features with undiffer- 
entiated thyroid carcinoma cell lines were not included this 
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study. However, the missing expression of MMP-1 by nor- 
mal thymocytes and the spontaneous secretion of this pro- 
tein by highly malignant thyroid carcinoma cell lines, as 
demonstrated in our study, indicate the involvement of 
MMP-1 secretion of transformed thyrocytes in aggressive 
thyroid tumors. 

Although all cell lines analyzed in our study sponta- 
neously secreted MMP-1, we observed marked differences 
in the basal secretion capacity. The highest MMP-1 levels 
were determined in cultures of 8503 C cells. Only 8505 C 
cells expressed TPO and Tg mRNA that may be put down 
to residual differentiated components in the cell line (see 
Materials). However, none of the analyzed cell lines ex- 
pressed TSH-R mRNA. The cell population doubling times 
were less than 40 hours. AH cell lines had accumulations 
of multiple genetic events. These facts indicate the undif- 
ferentiated pathology of ihe studied lines, h is well known 
that anaplastic carcinoma cell lines well retain ihe malig- 
nant characterises of their parental tumors (38-^10). 

lurthermore, we found a distoited proportion berween 
MMP-1 and TIMP-1 mRN/Vpr otem for carcinoma cell 
lines but not for normal thyroid-derived fibroblasts. The 
most disadvantageous constellation between MMP-1 and 
OMP-) was found in 8505 C cells. Similar ro other stud- 
ies (41), rhese results suggesi the influence of an altered 
MMP/T1MP re In t ion on turn or progression. However, it 



should be mentioned that most studies, including the pre- 
sent one, do not take into consideration that a number of 
inhibitors distinct from TIMP-1 may regulated MMP-1 ac- 
tivity. Taking into account that the balance of active en- 
zyme and TIMP-1 concentration strongly influence the ex- 
tent of local matrix degradation, a number of studies 
showed unexpectedly high levels of TIMP-1 in malignant 
neoplasms (9,42,43). There is a great discussion as to 
whether the overall expression of MLMP-1 and T7MP-I or 
the amount of noncomplexed MMP-1 could be critical in 
aggressive tumor development. This fact underlines the na- 
ture of tissue breakdown, reflecting the complicated net- 
work of selective and coordinated production of individ- 
ual proteinases and inhibitors under normal and 
pathophysiological conditions. Thus, the invasive and 
metastatic potential of thyroid tumors depends on the lo- 
cal net level of active iMMPs. 

The synthesis of MMP-1 and TIMP-1 is influenced by a 
variety of biochemical stimuli. The recent findings on 
MMP-1 and TIMP-1 gene promoters are useful in under- 
Standing the complex mechanisms implied in the regula- 
tion of MMP synthesis modulated by cytokines ar\d tumor 
protnoteis (34,44,45). The promoter regions contain tu- 
mor promoter responsive elements ( I RE) and binding mo- 
tifs for the transcription factor PEA-3, which are recog- 
nized by proio-Oncogenic transcription factors, such as the 
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FIG. 7. Comparison between (i) free/complex and (ii) T1MP- 
1 complcxed MMP-1 levels, and (in) T1MP-1 levels in super- 
natant* of unstimulated 8505 C and HTh 74 cells, and thy- 
roid-derived fibroblasts after 24. hours using a (i) MMP-1 
EUSA that recognizes total MMP-1 (see Figure 5). The (ii) 
MMP-l/nMP-1 assay recognizes MMP-l/RMP-l complexes, 
ie, activated MMP-1 that has subsequently been complcxed 
wjth the specific MMP inhibitor TIMP-1. The (iii) T1MP-1 
ELISA recognizes total TIMP-1, ie, free TlMP-1 and that com- 
plexed with MMPs. 



fos and jun family (45-47). 1L-3, TNF-a, and PMA up- 
regulate proto- oncogenes like fos and jun, resulting in the 
stimulation of MMP-1 and TIMP-1 (45,48). The action of 
the cytokines is mediated by their specific receptors. In our 
study, JL-1R (type 1 and type II), TNF-oR (p75 and P 55) 
and IFN-yR mRNAs were demonstrated in all investigated 
cell types. PMA and IL-1 were shown to elevate MMP-1 
and TIMP-1 in nearly all cell types investigated, thus con- 
firming the results of several studies on other epithelial cells 
(reviewed in refs. 1,7,49). In lihe major iry of experiments, 
wc found a concordant expression of MMP-1 and T1MP- 
1 after stimulation, possibly achieved by the coordinated 
actions of the nuclear transcription factors, although MMP- 
1 andTlMP-1 expression can also be independently or even 
reciprocally regulated (1). The effect of TNF-a was not as 
distinct as in the case of PMA and IL-1, although several 
investigators found a pronounced effect of TNF-a particu- 
larly on TbVlP-1 secretion (4,34). In contrast to studies per- 
formed w,th other cell types (863,864,819), IFN-y did not 
influence MMP-1 and TIMP-1 expression in thyroid carci- 
noma cell lines. In summary, the involvement of ihe in- 
irathyroidal physiological and pathological cytokine mi- 
cioenvironment in the regulation of MMP- 1 and T1MP- 1 
induction activation and inhibition is strongly suggested. 

Furthermore, ihe daia demonstrate that regular human 
thyrocytes did noi produce MMP-1, even after powerful 
stimulation wnh PMA. Investigating other mammalian ep- 
Mhrlial cells, only one study revealed the production of 



MMP-1 by rabbit corneal cells (21). It is yet not clear 
whether the MMP-1 mRNA detected in thyrocytes is due 
to a low level of constitutive transcription of the MJvlP-1 
gene (illegitimate transcription), an existing pool of stable 
MMP-1 mRNA, or. m vitro induction of MMP-1 mRNA. 
But it seems more likely that residual fibroblasts contained 
in the purified thyrocy re preparation (<0.2%) are respon- 
sible for the slightly positive RT-PCR results. Another ex- 
planation could be that thyrocytes are indeed MMP-1 pro- 
ducers, but the ELISA detection system used was not 
sensitive enough to measure extremely low MMP-1 secre- 
tion levels. Furthermore, the discrepancy between elevated 
TIMP-1 mRNA levels pf thyrocytes and the extremely low 
TIMP-l protein secretion by these cells is difficult to ex- 
plain. Post-transcriptional regulatory events may be re- 
sponsible for this confounding result. 

Taken together, the present study suggests that the in- 
trathyroidal cytokine microenviionment is involved in the 
regulation of MMP-1 and its inhibitor TIMP-1 in the thy- 
roid, and that both proteins may be secreted by dediffer- 
entiated thyroid carcinoma cells and involved in aggressive 
thyroid tumors in vivo. 
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Expression of embryouic fibronectm isoforni EIIIA parallels alpha-smooth 
muscle actm in maturing and diseased kidney. 

Barnes VL . Musa X Mitchell RJ , Barnes JL . 

Department of Medicine, Division of Nephrology, University of Texas Health Science 
Center, San Antonio, Texas, USA. 

In this study we examined if an association exists between expression of an alternatively 
spliced "embryonic" fibronectin isofonn EIIIA (Fn-EIIIA) and alpha-smooth muscle 
actin (alpha-SMA) in the maturing and adult rat kidney and in two unrelated models of 
glomerular disease, passive accelerated anti-glomerular basement membrane (GBM) 
nephritis and Flabu venom (HV)-induced proliferative glomerulonephritis, using 
iminunolustochemistry and in situ hybridization. Fn-EIIIA and alpha-SMA proteins were 
abundantly expressed in rhesangium and.in periglomerular and peritubular. interstitiuni of 
20-day embryonic and 7-day (D-7) postnatal kidneys in regions of tubule and glomerular 
development Staining was markedly reduced in these structures in maturing juvenile (D- 
14) kidney and was largely lost in adult kidney. Expression of Fn-EIIIA and alpha-SMA 
was reinitiated in the mesangiurh and the periglomerular and peritubular interstitium in 
both models and was also observed in glomerular crescents in anti-GBM nephritis. 
Increased expression of Fn-EIIIA mRNA by in situ hybridization corresponded to the 
localization of protein staining. Dual labeling experiments verified co-localization of Fn- 
EIIIA and alpha-SMA, showing a strong correlation of staining between location and 
staining intensity during kidney development, maturation, and disease. Expression of 
EIIIA mRNA corresponded to protein expression in developing and diseased kidneys and 
was lost in adult kidney. These studies show a recapitulation of the co-expression of Fn- 
EIIIA and alpha-SMA in anti-GBM disease and suggest a functional link for these two 
proteins. 
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BMI-1 gene amplification and overexpression iu hematological 
malignancies occur mainly in mantle cell lymphomas. 

BeaS, Tort F, Pinyol M, Puig X , Hernandez L , Hernandez S . Fernandez PL . van 
Lohuizen M Colomer D. Cani|)o E . 

The Hematopathology Section, Laboratory of Anatomic Pathology, Hospital Clinic, 
Enstitutd'Investigacions Biomediques August Pi i Sunyer (IDIBAPS), University of 
Barcelona, Spain. 

The BM I- 1 gene is a putative oncogene belonging to the Polycornb group family that 
cooperates with c-myc in the generation of mouse lymphomas and seems to participate in 
cell cycle regulation and senescence by acting as a transcriptional repressor of the 
INK4a/ARF locus. The BMI-l gene has been located on chromosome I0pl3, a region 
involved in chromosomal translocations in infant leukemias, and amplified in occasional 
non-Hodgkin's lymphomas (NHLs) and solid rumors. To determine the possible 
alterations of this gene in human malignancies, we have examined 160 
lymphoproliferative disorders, 13 myeloid leukemias, and 89 carcinomas by Southern 
blot analysis and detected BMI-1 gene amplification (3- to 7-Told) in 4 of 36 (11%) 
mantle cell lymphomas (MCLs) with no alterations in the INK4a/ARF locus. BMI-1 and 
pl6INFC4a mJINA and protein expression were also studied by real-time quantitative 
reverse transcription-PCR and Western blot, respectively, in a subset of NHLs. BMI-1 
expression was significantly higher in chrome lymphocytic leukemia and MCL than in 
follicular lymphoma and large B cell lymphoma. The four tumors with gene 
amplification showed significantly higher mRNA levels than other MCLs and NHLs with 
the BMI-l gene in germline configuration. Five additional MCLs also showed very high 
mRNA levels without gene amplification. A good correlation between BMI-1 mRNA 
levels and protein expression was observed in all types of lymphomas. No relationship 
was detected between BMI-1 and p!6INK4a mRNA levels. These findings suggest that 
BMM gene alterations in human neoplasms are uncommon, but they may contribute to 
the pathogenesis in a subset of malignant lymphomas, particularly of mantle cell type. 
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BMI J Gene Amplification and Overexpression in Hematological Malignancies 
Occur Mainly in Mantle Cell Lymphomas 1 
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Absirad 

The BMJ-J gene is a putative oncogene belonging to the Polycorob 
group family that cooperates with t-myc in the generation of mouse 
lymphomas and sceros to participate in cell cycle regulation and senes- 
cence by acting as a transcriptional repressor of tbe JtSK4a/ARF locus.. 
The BMJ-J gene has been located on chromosome J0pl3, a region involved 
in chromosomal translocations in infant leukemias, and amplified in. 
occasional non-Hodgkin's lymphomas (NHLs) and solid tumors. To de- 
termine the possible alterations of this gene m human malignancies, we 
Jiave examined J 60 rymph ©proliferative disorders, 13. myeloid leukemias, 
and 8? carcinomas by Southern biol ' analysis and detected BMJ-J gene 
amplification (3- to 7-fold) in 4 of 36 ()]%) mantle cell lymphomas 
(MCLs) with no alterations in the JNK4a/ARF locus. BMM and pJ6 1NK< " 
mRNA and protein expression were also studied by real-time quantitative 
reverse iranscription-PCR and Western blot, respectively, in a subset of 
NHLs. BMJ- 1 expression was significantly higher in chronic lymphocytic 
leukemia and MCL than in follicular lymphoma and large B cell lym- 
phoma. The four tumors with gene amplification showed significantly 
higher mRNA levels than other M.CLs and NHLs with the BAJJ-J gene in 
gcrmline configuration. Five additional MCLs also showed very high 
mRNA levels without gene amplification. A good correlation between 
BM1-1 mRNA levels and protein expression was observed in all types of 
lymphomas. No relationship was detected between BMM and pJ6 ,NK "* 
mRNA levels. These findings suggest that BMJ-1 gene alterations in 
human neoplasms are uncommon, but they may contribute to the patho- 
genesis in a subset of malignant lymphomas, particularly of mantle cell 
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JNK4a/ARF locus by acting as an upstream negative regulator of 
pl6 INK4a and pJ4/pl9 A * F gene expression (5). The human BMJ-J 
gene has been mapped to chromosome 10pl3 (6), a region inyoJved.in 
chromosomal translocations in infant leukemias (7) and rearrange- 
ments in malignant T cell lymphomas (8, 9). More recently, higb-Ieve) 
DNA amplifications of this region have been found by comparative 
genomic hybridization in NHLs and solid tumors (JO, 11). However, . 
the possible implication of tbe BMJ-J gene in these alterations and its 
role in the pathogenesis of human rumors is not known. The aim of 
this study was to analyze- the possible BMJ-J gene alterations, and 
expression in a large series of human neoplasms and to determine the ' 
relationship with JNK4a/ARF locus aberrations. 

Materials and Methods 



The BMJ- J 3 gene is a putative oncogene of the Polyconib group 
originally identified by retroviral insert ional mutagenesis in E/i-c- 
myc transgenic mice infecled with the Moloney murine leukemia 
vims (I, 2). These animals had a r3pid development of pre-JO cell 
lymphomas showing frequent proviral insertions near the BMJ-J gene. 
This integration resulted in BMI-J overexpression suggesting a coop- 
erative effect between C-MYC and BMJ-J genes in the development of 
these rumors (3, <l). Recent snidies have indicated that the BMJ-J gene 
may also participate in cell cycle control and senescence through tbe 
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Case Selection. A series of 262 human tumors, including 173 hematolog- 
ical malignancies and 89 carcinomas {Table 1), matched normal tissues from 
all carcinomas, J I samples of normal peripheral mononuclear cells, and 5 
reactive lymph nodes and tonsils, were selected based on tbe availability of 
frozen samples-for molecular analysis. 

DNA Extraction and Southern Blot Analysis. Genomic DNA was ob- 
tained using Proteinase K/RNase treatment. 15 fig were digested with £coRI 
and JJindlU restriction enzymes (Life Technologies, Inc., Gaithersburg, MD), 
for Southern blot analysis and hybridized with a 1.5-kb Pstl fragment of the 
partial BMJ- 1 cDNA (6). " 

RNA Extraction and Realtime Quantitative RT-PCK. Total RNA was 
obtained from 67 lymphoid neoplasms (10 CLLs ; 27 MCLs. 8 FLs, and 22 
LCLs) using guanidine/isolhiocyanate extraction and cesium/chloride gradient 
centrifugation. One /ig of total RNA was transcribed into cDNA using 
MMLV-reverse transcriptase (Life Technologies, Inc.) and random hexamers, 
following manufacturer's directions. Sequences of. the BMJ-J and the pJ6 
detection probes and primers were designed using the Primer Express program 
(Applied Biosystems, Foster City) as follows: BMJ-J sense, 5'-CTCGTTGC,- 
CCATTGACAGC-3'; BMJ-J antisense, yCAGAAAATCAATGCGAG- 
CCA-3': P J6 sense, 5'-CAACGCACCGAATAGTTACGG-3'; pJ6 antisense, 
5'-AACTTCGTCCTCCAGACTCCC-3\ The probes BMI-J, 5'-CAGCTC- 
GCTTCA A GATGGCCGC- 3', and P J6 t 5'-CGOACCCCGATCCAGGTGG- 
GTA-3', were labeled widi 6-carboxy-fluorescein as tbe reporter dye. The 
TaqMan-GAPDH Control Reagents (Applied Biosysicms) were used to am- 
plify and detect the GAPOJl gene, as recommended by the manufacturer. The 
quantitative assay amplified 1 >iml of cDNA in two to four replicates using the 
primers and probes described above and the standard master mix (Applied 
Uiosysiems). All reactions were performed in an AB1 PRISM 7700 Sequence 
Detector System (Applied Biosystems). GAPDH. BMI-I f and p!6 INKJ " ex- 
pt ess ion was related to a standard curve derived from serial dilu lions of Roji 
cDNA. The RUs of BMM and pl6 ,NKi,i exptession were tiefmed as (he 
mRNA levels of ihcsc genes normalized to the GADP11 expression level in 
each case. 

Protein Analysis. Whole-cell ptoiein extracts wne obtained from. addi- 
tional frozen tissue available in 31 casts (7 CLLs. 12 MCLs, 8 FLs„ and 0 
LCLs) 5 loaded onto a 10% SDS-polyftcryfem'ide- gel. and efectroblolled to a 
nitrocellulose membrane (Arncrshani). Blocked rncrnbtancs were incubated 
sequentially with the monoclonal antibody I3MI-F6 (12), antimouse conju- 
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Tabic I Hematological malignancies and solid tumor samples analyzed for BMh I 
gene alterations 



Tissue samples 


No. of cases 


Hematological malignancies 




Hodgtttn's disease 


2 


B cell lymptioprolifcT2tIve disorders 




B-Acuie lymphoblastic leukemia 


14 


. CLL 




Hatry cell leukemia 


4 


FL 


15 


MCL 


36 


LCL 


40 


T ccJI tymphoproliferative disorders 




T-Acutc lymphoblastic leukemia 


8 


Large granular eel) leukemia 


4 


Peripheral T-cell lymphoma 


8 


Myeloproliferative disorders 




Acute myeloid leukemia 


7 


Chronic myeloid leukemia 


6 . 


Solid tumors 




Colon carcinoma 


26 


Breast carcinoma 


29 


Laryngeal squamous cell carcinoma 


34 


Total 


262 



gated to horseradish peroxidase (Amersham), and delected by enhanced chemi- 
hjminescence (Amersham) according to (he manufacturer's recommendations. 
Statistical Analysis. Because of the non- normal distribution of the samples 
. and the small. size of some subsets of tumors^ the statistical evaluation was 
. performed using nonparametnc tests (SPSS, version 9.0). Comparison between 
mRNA expression levels in the different groups of NHLs was performed using 
the Kruskal- Wallis Test, with a P for significance set at 0.05. For differences 
between particular groups, the conservative Bonferroni procedure was per- 
formed, and the P was set at 0.005. The remaining statistical analyses were 
carried out using the Mann- Whitney nonparametnc V test (significance, P 
<0.05). The comparison between BM1-J and pie 1 ™ 4 ' quantitative mRNA 
levels was also performed using Ibe Pearson's correlation coefficient. 

Results 

BMI-l Gene Amplification. The BMJ-1 gene was examined by 
Southern Wot in a large series of human tumors and normal samples 
(Table 1). The cDNA probe used in the study detected three EeoRX 
fragments of 7.3, 3.8, and 2.6 kb and three y/mdlll fragments of 6.2, 
4, and 3.5 kb. BMI-l gene amplification (3- to 7- fold) was detected in 
4 of 36 (11%) MCLs (Fig; 1). The amplifications were confirmed with 
both restriction enzymes. The amplified MCLs were two Wastoid and 
two typical variants. No amplifications were observed in any of the 
solid tumors when compared with their respective matched non- 
neoplastic mucosa. NoBMl-J gene rearrangements were observed in 
any of the samples examined. 

BMI- J mRNA Expression. To determine the BMM expression 
pattern in NHL we analyzed BM1-I mRNA levels by real-time quan- 
titative RT-PCR in 67 lymphomas (10 CLLs, 27 MCLs, 8 FLs, and 22 
LCLs), including (he four tumors with gene amplification. A distinct 
BlvJ)- J mRNA expression pattern was observed in the different types 
of lymphomas (Fig. 2; Kruskal- Wallis Test; P < 0.001). The DM 1 
mRNA levels in CLLs (mean, 2.2 RU; SO, 1.3) and MCLs with no 
BAH- J gene amplification (mean, 2.5 RU; SD, 2.3) were significantly 
higher than in FLs (mean, 0.9 RU; SD, 0.8) and LCLs (mean, 0.6 RU; 
SD, 0.1; Mann-Whitney nonparametnc U test; P < 0.01). The 4 
MCLs with BMI- 1 gene amplification showed significantly higher 
levels of expression than all other groups of tumojs (mean, 5. J RU; 
SD, 1.6; P < 0.005). )n addition, five typical MCLs with no structural 
alterations of the gene also showed very high levels of BMI-l mRNA 
expression ranging from 4 to 9.8 RU, similar to cases with gene 
amplification (Fig. Z4). 

IJMI-I Protein Expression. BMI-l piotein expression was exam- 
ined by Western blot in 31 tumors (7 CLLs; 1 7 MCLs. incJud 



cases with BMJ-1 gene amplification and 4 cases with mRNA over- 
expression and no structural alteration of the gene; 8 FLs, and 4 LCLs) 
in which additional frozen tissue was available. The monoclonal 
antibody against BMI- 1 detected three closely migrating proteins of 
M r 45 : 000- 48,000 (2). The two more slowly migrating bands prob- 
ably represent phosphorylated iso forms of the protein (12). The two 
MCLs wjth gene amplification and three of four cases with mRNA 
overexpression without amplification of the gene showed very high 
levels of protein expression. The remaining MCLs and CLLs showed . 
intermediate levels of protein expression, whereas low- or no-expres- 
sion signals were detected in the LCLs and FLs included in the study 
(Fig. 3). These results indicate that.BML J protein expression in NHL 
is concordant with the mRNA levels observed by real-time quantita- 
tive RT-PCR. 

Relationship between BMI-l and p!6 ,NK4a Gene Alterations. 
The lNK4a/ARF locus has been recently identified as a downstream 
target of the transcriptional repressing activity of the BM1-J gene, 
suggesting that this gene may contribute to human neoplasias with 
wild type 1NK4/ARF (5). Most of the lymphoproliferative disorders 
analyzed in the present study, including the four cases with BMI- J 
gene amplification, had been previously examined for p53 gene mu- 
tations and lhlK4a/ARF locus alterations, including gene deletions, 
mutations, hypermeihylation, and expression (13, 14). The four MCLs 
with BMI-l gene amplification and mRNA overexpression and the. 
five tumors, with BMI- i mRNA overexpression with no structural 
alterations of the gene showed a '-wild-type configuration of the 
JNK4a/ARF locus (13). However, one case with BM 1- 1 gene ampli- 
fication and one case with rriRNA overexpression with no alteration of 
the gene showed p53 gene mutations associated with allelic deletions. • 

To determine the possible relationship between BMM and 
p\6 WK4 * mRNA expression, pl6 ,NK4a mRNA levels were evaluated 
by real- time quantitative RT-PCR in 50 tumors (10 CLLs, 27 MCLs. 
and 13 LCLs), including 6 cases with alterations in the lNK4o/ARF 
locus (2 MCLs and I LCL with pJS 1 * 1 * 4 ' gene deletion, 2 LCLs with 
p!6 promoter hypermeihylation. and 1 CLL with pl6 WKAa gene 
mutation), and the 4 lymphomas with BMJ-1 amplification. Negative 
or negligible levels of p!6 ,NK43 were observed in the 6 tumors with 
INK4a/ARF locus alterations. These cases were not included in the 
comparisons between BMI-l and pl6 INK ' ,: ' mRNA expression. The 
p l 6 JNK4» e Xpjession j eveJs were relatively similar in the different 
types of tumors. Only LCLs tended to have lower levels of expression, 
but the differences did not reach statistical significance (Fig. IB). No 
differences were observed in the pi mRNA levels between 

tumors with BMI-l gene amplification and overexpression and lym- 
phomas with germline configuration of the gene. 
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Fig. I. Southern Hoi analyMi of BMI- J venc. Four MCLs (MCL *) tihowcd BMI- 1 £cnc 
amplitiC3iifin (3- it> 7 -Md) vi.mpau-d with rum -neoplastic tissues \N) arid other NitLs! No 
npliJications pi t-rnc rranaiif rmnu» * no delected in the irmstning NHLs and cord- 
led in tNr ;ri)dv. 
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Ftg. 2. A, quantitative BMM mRNA transcript analysts (median and range) using 
real-time RT-PCR in a series of NHLs. MCLs with BM1-) gene amplification (A/Ci*> 
revealed significantly higher overall BMM mRNA levels than all other types of NHLs. 
including MCLs with no structural alterations of the gene (P < 0.005). MCLs and CLLs 
expressed significantly highei levels than FLs and LCU {P < 0.001). Results ate depicted 
as the ratio of absolute BMMrGADPH mRNA tianscript numbers (RU). Bars, SD. B. 
quantitative pl6 lhlK4 " mRNA transcript analysis (median and range) using real-time 
RT-PCR in a series of NHLs. .Expression levers were relatively similar in the different 
types or rumors. Results are depicted as the ratio of absolute pl6 ,NK4 *:GADPH mRNA 
transcript numbers (RU). Bars, SD. 



Discussion 

Jn lbe present study, we have examined a large series of human 
tumors for the presence of gene alterations and mRNA expression of 
the BMJ-J gene. Gene amplification was identified in four MCLs. 
These tumors showed significantly higher levels of mRNA and pro- 
tein expression compared with other lymphomas with BMI-I in germ- 
line configuration. BMI-I expression levels were also highly up- 
regulated in a subset of MCLs with no apparent structural alterations 
of the gene. No alterations were delected in any of the different types 
of carcinomas included in the study. BMI-J is considered an oncogene 
belonging to the PoJycomb group family of genes. These proteins 
mainly act as transcriptional reguJalois, controlling specific target 
genes involved in development, cell differentiation, proliferation, and 
senescence. Different studies have shown the implication of BMM 
overexpression in the development of lymphomas in murine and 
feline animal models (3. -1). The findings of the present study indicate 

Ml 



for the first time that BMI-J gene alterations in human neoplasms are 
an uncommon phenomenon, but they seem to occur mainly in a subset 
of NHLs, particularly of mantle cell type. 

The human BMI-J gene has been mapped to chromosome J Op 13. 
High-level DNA amplifications and gains in this region have been 
identified by comparative genomic hybridization in occasional solid 
tumors and NHLs (10; 1J). Different chromosomal translocations 
involving the 10pI3 region have also been identified in infant leuke- 
mics and T cell lymphoproJiferative disorders (7, 8, 15). Most acute 
leukemias with this chromosomal alteration occur in children <I2 
months of age, whereas it seems to be extremely rare in adults. lOp 
translocations in T-cell Jymphoproliferative disorders have been ob- 
served mainly in adult T cell leuJcemia/lymphomas and occasional 
cutaneous T cell lymphomas. In our study, we did not observe BMI-J 
rearrangements or amplifications in any of the acute leukemias or T 
cell lymphomas. However, all of the acute leukemias in this study 
were diagnosed in patients over 16 years, and no adult T cell leuke- 
mia/Jymphomas or cutaneous lymphomas could be included in the 
series. Similarly, high-level DNA amplifications at the 10pl3 region 
have been detected in head and neck carcinomas and other solid 
tumors. Although we found no. evidence for BMI-I gene rearrange- 
ments or amplifications in a substantial set of carcinomas, this does 
not exclude the possibility of increased gene expression or protein 
levels in these tumors. Additional studies are required to elucidate the 
possible involvement of BMI-J in these particular groups of human 
neoplasms. 

In human hematopoietic cells, BMJ-I is preferentially expressed in 
primitive CD34+ bone marrow cells, whereas it is negative or very 
Jow in more mature CD34- cells (1 6). In peripheral lymphocytes, and 
particularly in follicular. B cells, BMl-l protein expression has been 
detected in resting cells of the mantle zone, whereas it is down- 
regulated in proliferating germinal center cells (17, 1 8). These obser- 
vations indicate that BML1 expression in normal hematopoietic cells 
is tightly regulated in relation with cell differentiation in bone marrow 
and antigen-specific response in peripheral lymphocytes. BMI-I ex- 
pression in human rumors has not been examined previously. In this 
study, we have demonstrated thai BMl-l mRNA and protein expres- 
sion show a distinct pattern in different types of lymphomas. Thus, 
BMJ- 1 levels were low in LCLs and FLs and significantly higher in 
MCLs and CLLs. These findings suggest that BMM expression 
patterns in B cell lymphomas maintain in part the expression profile 
of their normal cell counterparts; because FLs and at least a subgroup • 
of LCLs are considered lymphomas derived from follicular germinal 
center cells, whereas MCLs and CLLs are tumors mainly derived from . 
naive pregerminal center cells. However, the four MCLs with BMI-J 
gene amplification expressed significantly higher mRNA levels than 
all other tumors. In addition, five MCLs with no structural alterations 
of the gene showed high mRNA levels similar to those observed in 
tumors with BM1J gene amplification, suggesting that other mecha- 
nisms may be involved in up-regulation of the gene in these lympho- 
mas. Different studies using animal models have shown a dose- 
dependent effect of BMI-I gene expression on skeleton development 
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Fir. 3. Woirm biot analysis oi BMM prorrrn in NHLs. The amplified MCL ( 176J-1) 
showed the hight'M tiMl- 1 protein levels, whereas other MCL* and CIJ.s had inter medial r 
levels » t ( expression. Very Jow t»r negative signal was t»bscrvrd in FLs ^nd I.CI.s. 
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and lymphomagenesis (1.3). These observations suggest that the high 
mRNA and protein levels detected in a subset of MCLs may play a 
role in the pathogenesis of these neoplasms. 

Recent studies have identified the INK4/ARF locus as a down- 
stream target of the BMI-1 transcriptional repressor activity, suggest- 
ing that BMI-1 overexpression may contribute to human neoplasias 
that retain the wild-type JNK4a/ARF Jocus (5). Interestingly, in our 
study, BMI-J amplification and overexpression appeared in rumors 
with no alterations in pJd 1 *** 4 * and pJ4 AKF genes. However, we could 
not detect differences in the expression levels of pJ6* IK46 in tumors 
with arid without BMI-J gene alterations. The reasons for this apparent 
discrepancy with experimental observations are not clear. One possi- 
bility may be that genes other than WK4a/ARF ztc the main targets of 
BMI-1 repressor activity in these tumors. Particularly, different genes 
of the HOX family are regulated by BMI-1 and may also be involved 
in lymphomagenesis (19, 20). 

In conclusion, the findings of this study indicate that BMI-J gene 

. expression is differentially regulated in B cell lymphomas. Alterations 
of the gene seem to be an uncommon phenomenon in human neo- 

• plasms, but they may contribute to the pathogenesis m. a subset of 
MCLs. Although, BMJ-J gene alterations occurred in tumors with 
wild-type lNK4a/ABF locus, the possible cooperation between these 
genes and the oncogenic mechanisms of BMI-J in human neoplasms 

require additional analysis. 
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HiAtopathology is insufficient to predict disease progression and clinical outcome in lung adeno- 
carcinoma. Here we show that gene-expression profiles based on mkroarray analysis can be 
used to predict patient survival in early-stage lung adenocarcinomas. Genes most related to. sur- 
vival were identified with univariate Cox analysis. Using either two equivalent but independent 
training and testing sets, or 'leave-one-out' cross-validation analysis with all tumors, a risk index 
based on the top 50 genes identified low-risk and high-risk stage I lung adenocarcinomas, which 
differed significantly with respect to survival. This risk index was then validated using an inde- 
pendent sample of lung adenocarcinomas that predicted high- and low-risk groups. This index 
included genes not previously associated with survival. The identification of a set of genes that 
predict survival in early-stage lung adenocarcinoma allows delineation of a high-risk group that 
may benefit from adjuvant therapy. 



Lung cancer remains the leading cause of cancer death in indus- 
trialized countries. Most patients with non-small cell lung can- 
cer (NSCLC) present with advanced disease, and despite recent 
advances in multi-modality therapy, the overall 10-yeaj survival 
rate remains a dismal 8-10%'. However, a significant minority of 
patients (-25-30%) with NSCLC have stage J disease and receive 
surgical intervention alone. Although 35-50% of patients with 
stage I disease will relapse within 5 years 7 ", it is not currently 
possible to identify specilic high-risk patients. 

Adenocarcinoma is currently the predominant histological 
subtype of NSCLC (refs. 1,5,6). Although morphological assess- 
ment of Jung carcinomas can roughly stratify patients, there is a 
need to identify patients at high risk lor recurrent oi metastatic 
disease. Preoperative variables that aflect survival of patients 
with NSCLC have been identified 7 ' 0 . Tumor size, vascular inva- 
sion, poor differentiation, high tumor-proliferative index and 
several genetic alterations, including K-ras (refs. 11,12) and p53 
(refs. 10,13) mutations, have prognostic significance. Multiple 
independently assessed genes or gene products have also been 
investigated lo bettei predict patient prognosis in lung can- 
cel'*' Technologies that simultaneously analyze the expression 
of thousands of genes" can be used to correlate gene-expression 
patterns with numerous clinical parameters— including patient 
outcome— to better predict tumor behavior in individual pa- 
tients 70 . Analyses of lung cancers using a nay technologies have 
identified subgroups of tumors thai differ according to tumor 
type and histological subclasses and, to a lesser extent, survival 
among adenocarcinoma patients 7 '-". Here we correlated gene- 
expression profiles with clinical outcome in a cohort of patients 
with lung adenocarcinoma and identified specific genes that 
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predict survival among patients with stage 1 disease. For further 
validation, we also show that the risk index predicted survival in 
an independent cohort of stage I lung adenocarcinomas. 

Hierarchical profile clustering yields three tumor subsets 
Using" oligonucleotide arrays, we generated gene-expression pro- 
files for 86 primary lung adenocarcinomas, including 67 stage 1 
and 19 stage 111 tumors, as well as 10 non neoplastic lung sam- 
ples. Selected sample replicates showed high correlation among 
coefficients and reliable reproducibility. We determined tran- 
script abundance using a custom algorithm and the data set was 
trimmed of genes expressed at extremely low levels, that is, 
genes were excluded if the measure of their 75th percentile value 
was less than 100. Although potentially resulting in the loss of 
some information, trimming in this manner decreased the possi- 
bility that the clustering algorithm would be strongly influenced 
by genes with little or no expression in these samples. 
Hierarchical clustering with the resulting '1,966 genes yielded 3 
clusters of tumors (Fig. I). All 10 non neoplastic samples clus- 
tered tightly together within Cluster 1 (data not shown). We ex- 
amined the relationships between cluster and patient and tumor 
characteristics (Fig. ] and Supplementary Figure A online). There 
were associations between cluster and stage {P = 0.030) and be- 
tween cluster and differentiation (/'= 0.0J). Cluster 1 contained 
the greatest percentage (-12.8%) of well differentiated tumors, 
followed by Cluster 2 (27%) and Cluster 3 {4.7't'o). Cluster 3 con- 
tained the highest percentage of both poorly differentiated 
W7.6%) and stage 111 tumors (42.8%). yet contained 3 II 4.3%) 
moderately differentiated and 1 (5%) well differentiated stage 1 
tumor. Notably, II stage I tumors were present in Clustei 3, sug- 
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gesting a common gene-expression profile for 
this subset of stage 1 and stage HI rumors. . 

For patients with stage 1 and stage HI tumors, 
the average ages were 68. J and 64.5 years and 
the percentage of smokers was 88.9% and 
89.5%, respectively. Marginally significant as- 
sociations between cluster and smoking his- 
tory were observed [P = 0.06). A significant 
relationship between hisiopathologicaj classifi- 
cation and cluster was only .discernible for 
bronchioloalveolar adenocarcinomas (BAs), 
which were onjy present in Clusters 1 and 2 
(P = 0.0055) and comprised 357% and 12.3% 
of tumors for Ousters 3 and 2, respectively. 

We examined the heterogeneity in gene-ex- 
piession profiles based on the trimmed data. set among normal 
lung samples and stage I and stage III adenocarcinomas by calcu- 
lating correlation coefficients between all pairs of samples. In 
contrast to normal lung samples that displayed highly similar 
gene-expression profiles (median correlation, 0.9), both stage I 
and III lung tumors demonstrated much greater heterogeneity in 
their expression profiles with lower correlation coefficients (me- 
dian values, 0.82 and 0.79, respectively). 

Northern-blot and immunohistocbemisiry analyses 
Of the 4,966 genes examined, 967 differed significantly between 
stage I and 111 adenocarcinomas, a number in excess of that ex- 
pected by chance alone (248 at alpha level (a) = 0.05). Three 
genes were arbitrarily selected to verify the microairay expression 
data. The mRNA from 20 of the normal lung and tumor samples 
was examined by northern-blot hybridization with probes for in- 
sulin-like growth factor-binding protein 3 {1GFBP3), cystatin C 
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Fig. 1 Unsupervised classification analysis of lung adenocarcinomas. 3 dasses of tumors identi- 
fied by agglomeratrve hierarchical clustering of gene-expression profiles using the 4 ; 966 expressed 
genes. Patient and histopathological information for each lung adenocarcinoma case by cluster 
designation and methods for K-ros 12/13th-codon mutational status and nuclear p53 protein ac-i 
cumulation are provided (Supplementary Figure A online). "IN classification denotes information 
regarding patient tumor size and nodal involvement. Associations between cluster membership 
and patient or histopathological variables are indicated at significance level {P< 0.05). 



arid lactate dehydrogenase A (LDH-A) (Fig. 2a). Two gene probes 
not represented on the microairays were used as controls, includ- 
ing histone H4, a potential index of overall ceil proliferation, and 
28S ribosomal RNA, a control (or sample loading and transfer. 
The relative amounts of 1GFBP3, cystatin C and LDH-A mRNA 
strongly correlated with microarray-based measurements (Fig. 
2b). In both assays, IGFBP3 and LDH-A mRNA levels increased 
from stage 1 to stage IH adenocarcinomas and were higher than 
those in normal lung. Cystatin C mRNA levels were more variable 
but relatively greater in normal lung than tumors. These results 
suggest that the oligonucleotide microarrays provided reliable 
measures of gene expression. The tumors showed slightly greater 
histone H4 expression than the normal lung, likely reflecting in- 
creased proliferation of tumor cells. 

Immunobistochemistry was performed for 1GFBP3, cystatin C 
and H5P-70 to determine whether mRNA over expression was re- 
flected by an increase of their corresponding proteins in tumors. 
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rig. 2 Validation analyses of gcne-e>pres- 
sion profiling. « Northern-blot analysis ot 
selected candidate genes tor verification ol 
data obtained liom oligonucleotide arrays. fJerU-icm 
"the same : ample RNA loi the 4 uninvolved 
limy, 8 stage I am J 8 stage IH tumor* was 

uspd tot I he northern-blot and oligonucleotide array analyses. 
6, Correlation analysis of quantitative data obtained liom oligonucleotide 
an ays and northern blots measured by integrated phosphor imager based 
signals lor the ICIBP'J and IDH-A genes. The ratio ol IGfL<P3, cystatin C 
and lOH A mRNA to ?8b r RNA was determined. The relative values loi 
path gene from path sample are shown, n, non neoplastic normal luno; 
1, stage I tumors; 3, stage HI tumors. (. Immunohistothemii a I analysis ot 
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with prominent apical staining (blue reat tont staining, arrow, upper left). 
Diltuse cytoplasmic H$P- 70 immunoieatlivily (tumor 127), yet stromal el- 
ements show no reactivity (upper right). Normal lung parenchyma (lower 
left) shows cytoplasmic cystatin C immunoreac tivity in alveolar pneurno- 
i ytes (arrow) and intra- alveolar macrophages but tumor (1 90) shows dil- 
tuse cytoplasmic cystatin C immunoreac tivity with prominent ripkal 
staining (lower right). Magnilic alien, >?00 
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Irnmunoreactivity for both JCFDP-3 and USP-70 (Fig. 2c) was de- 
lected in the cytoplasm of the adenocarcinomas, with little de- 
tectable reactivity in the stromal or inflammatory cells. Cystatin 
C was delected in alveolar pneumocytes and inlia-alveolai 
macrophages in non- neoplastic lung parenchyma and also con- 
sistently in the cytoplasm of neoplastic cells. 

Cene expression profiles predict survival 

As expected, Kaplan-Meier survival curves (Fig. 3a) and log- rank 
tests indicated poorer survival among stage 111 compared with 
Mage I adenocarcinomas (P = <0.000l). Two statistical ap- 
proaches were used to determine whether gene-expression pro- 
files could predict survival using the data set ol 4,966 genes. In 
one approach, equal numbers of randomly assigned stage I ami 
Mage 111 tumors constituted training <» = -13) and testing frr= 43) 
sets. In the training set, the top 10, 20, 50 or 76 genes were used 
to create risk indices that were evaluated for their association 
with survival using the 50th, 60th or 70th percentile cut oil 
points to categorize patients into high or low groups. The results 
vme similar across cirioll points but the 50 gene risk index hail 
the best overall association with survival in the naming set. 



Fig. 3 Gene-expression profiles and patient survival, a. Relationship be- 
tween tumor stage and patient survival (stage 1 and stage 3 differ signifi- 
cantly, P< 0.0001). b, Relationship between the survival, in the 43 test 
samples and their risk assignments based on the 50-gene risk index esti- 
mated in the 43 training samples. The high- and low- risk groups differ sig- 
nificantly (P = 0.024). c, Relationship between patient survival and the risk 
assignments in test samples (in b) conditional for tumor stage. The high- 
and low-risk stage I groups differ significantly (P = 0.028), whereas stage III 
low- and high-risk groups did not </>= 0.634). d. Relationship between sur- 
vival in the test cases and their risk assignments based on the,86 Teave-one- 
out' cross-validation of the 50-gene risk index. The high- and low-risk 
groups differ significantly (P = 0.0006). e, Relationship between test case's 
lisk assignment and survival (in d) conditional on tumor stage. The high- 
and low- risk stage I lung adenocarcinoma groups differ signilicantfy from 
each other {P = 0.003), whereas low- and high-risk stage HI tumors do not. 
f f Relationship between tumor class identified by hierarchical clustering and 
patient survival. Survival for patients in Cluster 3 differed relative to the tu- 
mors in Cluster 2 (/>= 0.037) and approached significance for Cluster 1 and 
2 combined (f>= 0.06). 9, Analysis of the Michigan- based risk index using 
top cross-validated survival genes identify a low- and high-risk group in an 
independent cohort of 84 Massachusetts- based lung adenocarcinomas that 
are significantly different (P= 0.003). h, Among the 62 stage I lung adeno- 
carcinomas in the Massachusetts sample, the high- and low-risk groups dif- 
fered significantly (P= 0.006). 



After conservatively choosing the 60th percentile cutoff point 
from the training set, we then applied this risk index and cutoff 
point to the testing set. The risk index of the top 50 genes cor- 
rectly identified low- and high-risk individuals within the inde- 
pendent testing set (P = 0.024) (Fig. 3b and Supplementary 
.Methods online). Notably, 11 stage I tumors were included in 
the high-risk subgroup. When this risk assignment was then 
conditionally examined for stage progression (Fig. 3c), low- and 
high-risk groups among stage 1 tumors were found to differ {P = 
0.028) in their survival. 

Identification ol a robust set of survival genes 
Although predictive of patient survival, a single training-testing 
set may not provide the most robust set of genes due to random 
sampling issues. Therefore, a 'leave-one-out' cross-validation ap- 
proach was used to identify genes associated with survival from 
all 86-tumor samples. We first developed a 50-gene risk index in 
each training set, and then applied the risk index to the test case 
held out from the hill set of tumors and assigned the held out 
tumor to the high- or low-risk groups (Fig. 3r/). The high and 
low-risk subgroups determined in the test cases differed signifi- 
cantly in their overall survival {P = 0.0006). Among the larger 
group of stage I lung adenocarcinomas, the low-risk (n = 46) and 
high-risk (n = 21) gioups had markedly different survival {P = 
0.003) (Fig. 3e). Table 1 lists selected examples of the cumulative 
top 100 genes derived horn this cross-validation procedure 
(complete list in Supplementary Table A online). 

It was also noted that many of the stage 1 patients in the high- 
risk subgroup (Fig. 3c) weie present in Cluster 3 (Fig. 1). 
Kaplan- Meier analysis (Fig. 3/) demonstrated a significantly 
worse survival yp - 0.037) lor patients in Cluster 3 relative to pa- 
tients in Cluster 2 and approaching significance lor Cluster 1 
and 2 combined {P= 0.06). This further indicates the important 
relationship between gene- express ion profiles and patient sur- 
vival, independent ol disease stage. 

Consistent with previous analyses of lung adenocarcinomas", 
40% ol stage I and 57.S% of Mage Ml tumors had 12th 01 13th 
cod on K-nrs gene mutations. Those patients with in mors con- 
taining K rxs mutations showed a trend ol poorer survival, but 
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Table 1 Selected examples of the top 1 00 genes from cross-validation 



Cenename P % P % Change in 

(normal versus \ Change in tumor (stage I versus stage I H 
tumor t-test) stage II) r-test) 



CA5P4 
P63 



KR77 
LAMB! 

BMP 2 
CDC6 

.51 OOP 
SERPINE1 

STX1A 

ADM 

AKAP12 

ARHE 

CRB7 

VECf 

WNT10B 



H5PA8 
ERBB2 
FXVD3 
SLC20A1 



CSTB 
CTSl 
CYP24 

FUT3 

MLN64 
PDE7A 
PLCt 
51C1A6 



COPIB 
CRK 



RI LA 



KIAA0005 
MCBJ 



0.56 
9.73E-04 



8.02E-08 
0.14 

0.54 
1.3IE-05 

2.10E-08 
2.89E-03 

8.65E-08 

0.05 
8.53E-03 

0.06 
2.02E-03 
6.50E-08 

0.05 



0.36 
0.04 
0.10 
1.34E-03 



1.57E 04 

0.48 
3.16E-06 

1.071-07 

0.20 
0.12 
0,04 

0.07 



0.10 
0.10 



7.71 [-04 
0.77 



-6% 
37% 



126% 
-20% 



-21% 
1070% 



1572% 
72% 



39% 
-47% 
-39% 
38% 
• 174% 
31%' 



8% 
92% 
111% 
58% 



50% 
-10% 
N/A 

114% 

32% 
33% 



-33% 
32% 



40% 
175% 



0.02 
0.03 



o.n 

0.01 

0.27 
0.05 

0.19 
0.25 

0.07 

0.04 
0.05 
0.05 
0.63 
0.02 
0.48 



9.0U-04 

0.37 
0.31 
0.02 



0.15 
0.03 
0.97 

0.97 

0.42 
0.01 
0.35 
0.12 



0.26 
0.03 



0.02 
0.33 



57% 
43% 



55% 
60% 

47% 
148% 

77% 
30% 

26% 

117% 
214% 
87% 
15% 
85% 
20% 



51% 
120% 
73% 
66% 



34% 
67% 
2% 



80% 
-35% 
-170% 

86% 



75% 
48% 



-15% 
459% 



Coefficient Unigene comment 
0 

- • Ap opto sis- related 
0.0022 Caspase 4, apoptosis- 

related cysteine protease 
0.001 0 Transmembrane protein (63 kD), 

endoplasmic reticulum/ . 

Cofgi intermediate compartment 

Cell adhesion and structure 
0.0003 Keratin 7 
0.0027 Laminin, pi 

Cell cycle and growth regulators 
0.0044 Bone morphogenetic protein 2 
0.01 24 CDC6 (cell division cycle 6, 

Sacchpromyce* cerevhioe homolog) 
0.0001 S1 00 cak ium- binding protein P 
0.0008 Serine (or cysteine) proteinase inhibitor, 

clade I (nexin). 
0.0031 Syntaxin 1 A (brain) 

Cell signaling 
0.001 6 adrenomedullin 

0.001 0 A kinase (PRKA) anchor protein (gravin) 1 2 
0.0092 ras homolog gene family, member E 
0.003O Growth factor receptor- bound protein 7 
0.0013 Vascular endothelial growth factor 
0.0022 Wingless- type MMTV integration site family, 
member! 0B 

Chaperones 
0.0008 Heat-shock 70 kD protein 8 

Receptors 

0.001 3 v-erb-b2 avian erythroblastic leukemia viral 

oncogene homolog 2 
0.0046 " fXYD domain-containing ion transport 

regulator 3 

0.0021 Solute carrier family 20 (phosphate 

transporter), member 1 

Enzymes, cellular metabolism 
0.0001 Cystatin B (stetin B) 
0.0007 Cathepsin I 

0.0008 Cytochrome P450, subfamily XXIV 

(vitamin D 24-bydro>ylase) 
0.0033 Fucosyltransferase 3 (galactoskle 3(4)-l- 

fucosyltransferase, Lewis blood g'oup included) 
0.0007 Steroidogenic acute regulatory protein related 
-0.0187 Phosphodiesterase 7A 
-0.001 1 Plasminogen- like 

0.0069 Solute carrier (amity 1 (high- affinity aspartate/ 
glutamate transporter), member 6 

Transcription and translation 
0.0016 Coie promoter element binding protein 
0.0098 v-crk avian sarcoma virus O 10 oncogene 
homolog 

0.0034 v- 1 el avian retieuloendolheliosis viral 

oncogene homolog A 
Unknown function 
0.0010 KIAA0005 gene product 

0.0018 Mainmaglobin 1 
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"table 1 Selected e>amplps ol the cumulative lop 100 genes identified using 
training- testing, cross- validation ol all 86 lung tumor samples. "I hp pen en! 
i hanqp, as well as Oie dine lion, I or the average values of the 1 0 non- neoplastic 
lung to all tumois, and for r tie 67 stage I to the 19 stage HI t timers are shown, A 
r>osilive coefficient [J value is indk alive ol a relationship of gene c>|x ession to a 



poorer patient outcome. The genes are listed in potential lun< lional categories. 
Cenes I hat woe also present in the top SO survival genes using the 43- tumor 
training set (fig. 3b) are indicated in bold type. Complete listing of the gene 
probe sets and annotated gene and unigene identifiers can be found in the 
Supplementary Methods. 
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Fig. 4 Gene expression patterns of lop survival genes o, Gr-ne-expressk-r 
tennined using agglcmerative hteiauhital ilustennfi ol rhe 86 I 
against the 100 survival- related genes ("J able 1) identified by the t 
validation analysis, Substantially elevated (red) or deceased (gieen) expression ol the 
genes is observed in individual tumors. Some tumors (blaiV anow 'and expanded aiea) 
show e>lfemrly elevaird expression ot spenilit genes, b. An outlier gene- ex pies: ion pat 
tern (>i limes the inteiquarttle range amonq all samples) is observed tor rhp ed>B? and 
PrglA gene s (top left and right, respectively). The 3/001' and (rk gnu s (bottom tctt and 
right, i espet lively) show a giaded pattern of expression related io pattern sinvn-al. O, 
alive; dead (also in (). i. The number ol outliers pn peiion <■ 
grnej, plot let I bv survival . Ji:,h Ihullon. 
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this difference did not reach statistical significance among all 
patients (P = 0.25), between patients within tumor clusters (P- 
0.41) or when analyzed separately among stage I {P = 0.22) and 
stage 111 (P= 0.53) patients. Nuclear accumulation of p53 was de- 
tected in 17.9% stage I and in 22.2% stage 1)1 tumors. No signifi- 
. cant, relationship was observed for p53 staining and patient 
survival, cluster or tumor stage. 

Confirmation using an independent set of adenocarcinomas 
The robustness of our 50-gene risk index in predicting survival in 
lung adenocarcinomas was tested using oligonucleotide gene-ex- 
piession data 6btained from a completely independent 
(Massachusetts-based) sample of 84 lung adenocarcinomas (62 
.stage 1, 14 stage 11 and 8 stage IJ1; ref. 21, and dataset A at 
wTvw.genome.wi.mit.edu/M PR/lung). To ensure equivalent 
power for testing and comparability of samples, the criteria for 
including tumors in the analysis were 40% or greater tumor cellu- 
lar* ty, no mixed histology (that is, adenosquamom) and patient 
survival information. To obtain comparative gene- expression 
measures between the two data sets, gene sequences present on 
the U95A and HuGeneFL array were examined, and expression 
data for our top 50 cross-validation genes for all 84 Massachusetts 
samples were obtained and processed" (see. also Supplementary 
Methods online ). When we examined the risk assignment of 
these 84 samples, employing the identical cutoff point used for 
the 86 Michigan-based Jung samples, we observed low- and high- 
risk groups (Fig. 3g; P = 0.003). Notably', among the 62 stage I tu- 
mors, high- and low-risk groups were observed that differed 
significantly {P = 0.006) in their survival (Fig^ 3h).. 

Survival genes bad graded and outlier expression patterns 

A statistical and graphical analysis of the 100 survival-related 



genes (Table 1) clustered against all 86 tumors revealed individ- 
ual tumors with substantially elevated expression in both a lim- 
ited and larger number of genes (Fig. 4a). Among these genes, we 
observed two distinct patterns of expression related to patient 
survival. One pattern, designated 'outlier', included genes show- 
ing substantially elevated expression (greater than five times the 
interquartile range among all samples), whereas the .other pat- 
tern, designated 'graded', was characterized by continuously dis- 
tributed expression with patient survival (Fig. 4b). The erbB2 and 
Reg} A genes are examples of outlier expression patterns and 
SWOP and ok genes of graded patterns. The number of outliers 
per person in the lop 100 genes was identified and plotted ac- 
cording to survival times and events (Fig. 4c). Both stage I and 
stage IJ1 lung adenocarcinomas showed outlier gene patterns 
and 10 tumors contained 3 or more outlier genes. 

Because gene amplification may result in increased gene ex- 
pression, the nine genes with outlier expression patterns (erbB2, 
SLC1A6, Wnt 1, MGB1, Reg} A, AKAP}2, PACE, CYP24, KYNU) 
and one gene with a graded expression pattern (KRT1B) were ex- 
amined using quantitative genomic PCR to evaluate genomic 
copy number (Fig. 5a). Gene amplification of erbb2 (17ql2) was 
detected in tumor L94, which had the highest erbft2 mRNA ex- 
pression (Fig. 4a). Gene amplification was not detected for any 
of the other seven tested genes in tumor L94, as well as in other 
tumors. The two genes most frequently demonstrating the out- 
lier pattern in these lung adenocarcinomas were KYNU and 
CKP24, and were present in 10 and 9 tumors, respectively. 
CYP24 has been described as a gene amplified and overexpressed 
in breast cancer 25 , and these results indicate elevated expression 
in lung adenocarcinoma. 

To determine whether the graded or outlier gene-expiession 
patterns also occur at the piotein-expression level, 10 of the 100 
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fig. 5 Gene amplication and protein e>presironoiiurv'rvDl-relnted genes. 
a, Analysis 0 I potential gene amplification lot 9 genes showing outlier e>pnes- ' 
iion patterns in the lung tumors {erb&2, SI C 1 A6, Wnt 1, MGB1, Reg} A, 
AKAPM, PACl, CYP2A and KYNU) and eaamined using quantitative genomic 
IXH. A gene showing graded e*piession pattern (KfinB), and one gene 
(MCM) with a similar chtomosome rotation as PACl, were used as controls. 
Only frbB? and /V3IA are shown. An esophageal adenocauinoma with 
known high level genomic amplification ol r>M3? was used as a positive con- 
Pol and normal esophagus DNA was used as a negative (ontrol (Ctl). PC R 
fragments si;e> wee 343 hp tot CAPOH 166 bp lor f /bB? and 1 ?6 bp foi 



Reg] A. DNA is Irom normal lung (N) and tumor (T) |, 0 rn each patient (for ex- 
ample 137). b, Imrnunohistoc hemic al analysts ot .survival related genes with 
lung adenocart inoma mk roar rays using the tumors Irom this study, the 
transmembrane erbB2 piotein (lop tell) e>pression is substantially increased 
in tumor 194 containing the arnplilird rtbH7 gene (fin. 4a and b). F>pression 
ol VtCI (top right) and 5 1 OOP (bottom left) w;»j lot a ted within the neoplas- 
tic cells and the pattern ol irnmunor eattivity was c onsistent with the graded 
r>prejsion pattern demonstrated by their mRNA profiles. I > press ion ol the 
oncogene crk (bottom right) was abundantly expressed in neoplastic lung 
(ells. Magnification >400 (erbR?); >?0U fV[ C» , SI OOF and fid). 
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top survival genes (Table 1) for which specific antibodies were 
available were chosen for immunohistochemical analysis using 
lung- turn or arrays from this study (Fig. Sb). Expression of mem- 
brane erbB2 protein was substantially increased in the er£?B2-am- 
plified tumor L94 and very low levels of expression were present 
in other tumors, consistent with mRNA- expression measure- 
ments (Fig. 4 a and b). CDC6 protein expression was also sub- 
stantially higher in tumor L94; consistent with mRNA levels 
(data not shown). Expression of vascular endothelial growth fac- 
tor {VEGF) and SI OOP (Fig. Sb), as well as cy tokeratin 1 8 (KRT1 8), 
' cy tokeratin 7 (KRT7) and fas- associated death domain (FADD) 
protein (data not shown), was located within the lung tumor 
cells and consistent with the graded expression pattern of the 
mRNA profiles. The oncogene crk showed both graded mRNA as 
well as a graded protein-expression pattern with survival, and 
was abundantly expressed in the tumor cells (Fig. Sb). These re- 
sults indicate that many survival-associated genes axe expressed 
at the protein level and demonstrate similar mRNA and protein- 
expression patterns. 

Discussion 

We used several approaches for the analysis of gene-expression 
data related to clinicopathologicaJ variables and patient sur- 
vival. One approach, hierarchical clustering, was used to exam- 
ine similarities among lung adenocarcinomas in their patterns 
of gene expression. Previous studies of lung tumors 2122 have also 
used this method to describe subclasses .of lung tumors. Here, 
we found three clusters that showed significant differences with 
respect to tumor stage and tumor differentiation. This suggests, 
as expected, that tumors with similar histological features of 
differentiation demonstrate similarities in gene expression. 
This feature also partly underlies the observed statistical associ- 
ation of tumor stage and cluster, as many of the higher-stage tu- 
mors, often poorly differentiated and previously associated 
with a reduced survival* 10 , were located in Cluster 3. Although 
this cluster, contained the highest percentage of stage 1J1 tu- 
mors, it also contained a nearly equal mixture of stage I and 
stage 111 tumors and not all tumors were poorly differentiated. 
This indicates that a subset ol stage I lung adenocarcinomas 
share gene-expression profiles with higher-stage tumors. 
Notably, 10 of the 1 1 stage I tumors found in Cluster 3 were the 
high-risk stage I tumors identified using the risk index in the 
'leave-one-out' cross-validation. 

In contrast to previous analyses of lung adenocarcinomas*'-", 
we validated the expression data horn I he arrays. The strong cor- 
relation of northetn-blot analysis and oligonucleotide-airay data 
(oj gene expression in the same samples (Fig. 2b) indicates that 
these studies provide robust gene-expiession estimates. 
Jmmunohistoehemistry using the same tumor samples in tissue 
arrays demonstrates piotein expression within the lung tumor 
cells. Together, these studies indicate that many ol the genes 
identified using gene-expression piofiles are likely relevant to 
lung adenocntc inoma. For example, IGFDP3 gene expression is 
incieased in lung adenocarcinomas (Fig. 2c). IGFBP3 piotein 
modulates the autocrine or paracrine effects of insulin-like 
growth factors, elevated 1GFBP3 expiession is observed in colon 
cancer*, antl incieased serum IGFBP3 is associated with progies- 
sion in bieasl cancer 7 . Heat-shock piotein 70 (MSP- 70) is in- 
creased in lung adenocarcinomas ol smokers 7 * and is associated 
with incieased metastatic potential in breast cancer". Increased' 
serum lactate dehydrogenase is correlated with turner stage and 
tumor biiiden Jtl , and cystatin C, a cysteine protease inhibitor ex- 



pressed in human lung cancers 3 *, is prognostic in some cancers 32 . 
The decreased expression of this protease inhibitor may affect 
the invasive properties of the tumor cell. 

. The cross-validation analytical strategy we used is particularly 
informative for these types of gene-expression analyses for dis- 
ease outcome 3 * 1 *, and identification of cross- validated genes with 
a larger tumor cohort may help refine this risk index for use in a 
clinical setting. The gene- expression data also provide opportune 
ties to observe overarching patterns that advance our under- 
standing of associations between genes and disease. For example, 
the top 100 survival genes include those involved in signaling, 
cell cycle and growth, transcription, translation and metabolism. 
Expression of many of these genes is likely a function of incieased 
proliferation and metabolism in the more aggressive tumors. 
Some genes, such as erbhl and Reg\ A (Fig. 4a and b), were highly 
over ex pressed in a few patients having poor survival. In one 
tumor, the erbh2 gene was amplified (Fig. So), demonstrating that 
genomic changes may underlie the over expression of a subset of 
these outlier genes. Immunohistochemistry confirmed protein 
over expression in this patient's tumor (Fig. Sb). Notably, seven of 
the eight outlier genes were not amplified, indicating that other 
mechanisms underlie the increased mRNA expression of these 
survival-related genes. 

Most genes showed a graded relationship between expression 
and patient survival. Genes such as that encoding VEGF, known, 
to be strongly associated with survival in lung cancer"- 3 * were 
identified as related to patient survival in our study, VEGF 
demonstrated a graded expression pattern, as did the SI OOP and 
crk oncogene (Fig. 5b). SI OOP is a calcium-regulated protein not 
previously reported in lung cancer. The crk gene, the cellular ho- 
molog of the v-ak oncogene, is a member of a family of adaptor 
proteins involved in signal transduction and interacts directly 
with c -jun N-terrninal kinase 1 fJNKl) 37 . Although crk has not 
been shown to have a role Jung cancer, its role in the MAP-ki- 
nase pathway, which leads to activation of matrix metallopro- 
teinase secretion and cell invasion 38 , indicates potential 
involvement in the the turrior cell invasion or metastasis of 
some lung adenocarcinomas. Among the many genes identified 
in this study, like crk r that may be causally involved in lung can- 
cer progression (Table 1), some were related to survival in many 
patients, and others in only smaller subsets of patients. This re- 
sult is consistent with the complex molecular architecture of tu- 
mors rn general, the heterogeneity of .lung adenocarcinomas in 
particular and the multiple mechanisms underlying turnor-cell 
survival, invasion and metastasis 39 . 

Our results demonstrate that a gene-expression risk profile — 
based on the genes most associated with patient survival — can 
distinguish stage I lung adenocarcinomas and dilfeientiate prog- 
noses. The pailicular genes that define the clusters, or are associ- 
ated with survival, likely reflect the characteristics of the 
particular tumors included in the analysis. Current therapy for 
patients with stage I disease usually consists ol suigicaj resection 
without adjuvant treatment 13 . Clearly, the identification ol a 
high-risk group among patients with stage I disease would lead 
to consideration of additional therapeutic intervention for this 
group, possibly leading to improved survival ol these patients. 

Methods 

Patient population. Sequential patients seen at the tjnivemly ol Mkhigan 
Ho>pital between May 1994 and July ?000 loc si age I 01 ii^ge Id lung ade- 
nocarcinoma wpie evaluated lor this study. Consent waj ntt ived and tt>c 
piojeit was approved by the total Institution;)! Review Board. Primary tu- 
mors and adjatenl i ton- neoplastic limy tissue wprr obtained at the time ol 
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surgety. Peripheral portions of resected lung carcinomas were sectioned, 
evaluated by a study pathologist and compared with routine H&E sections 
of the same tumors, and utilized for mRNA isolation. Regions chosen for 
analysis contained a tumor. celhilarity greater than 70%, no mixed histol- 
ogy, potential metastatic origin, extensive lymphocytic infiltration or fibro- 
sis. Tumors were histopathologic ally divided into.two categories based on 
their growth pattern: bronchial-derived, if they exhibited invasive features 
with architectural destruction, and bronchioloarveplar, if they exhibited 
preservation of the lung architecture. AH stage I patients received only sur- 
gical resection with intrathoracic nodal sampling and no other treatments. 
Mage.HI patients received surgical resection plus chemotherapy and'iadio- 
a therapy. 

'5 Gene-expression profiling and K-ros mutation analysis. UNA isolation, 
ff cRNA synthesis and gene -expression profiling were performed as de- . 

2 scribed 1 *. Details of gene annotation and K-ros mutation analysis are pro 

% vided m supplementary' information, 
c 

0 Northern-blot analysis. Total cellular RNA (1 0 ug) was separated in 1 .2% 

• J- agarose-formaldehyde gels and vacuum- transferred to Gene Screen Plus 

3 (NEN Life Science Products, Boston, Massachusetts). Hybridization condi- 
« tions and probe labeling were as described**. Individual sequence-validated 
> cDNA image clones for human IGFBP3 (clone 1407750), IDH A (clone 

1 2420241), cystatin C (CTS3; clone 949938) were from Research Genetics 
^ . (HuntsvilJe, Alabama). The human histone H4 cDNA and the 28S ribosomal 
»> RNA 26-mer oligonucleotide probe were prepared and labeled as de- 

* scribed*. 

D. 

O Gene-amplification analysis. 1 1 genes were selected for the analysis of ge- 

0 nomic alterations. Primers were designed using PrimerSelect 4.05 Windows 

01 32 software (DNASTAR, Madison, Wisconsin), avoiding pseudogenes or po- 
— tential homologous regions. Forward and reverse primers for the genes are 

. Jj? provided (Supplementary Methods online). Quantitative genomic- PCR was 
•o then applied and analyzed as described". 
0_ 

o> Imrnunohistochemka) staining. The H&E-stained slides ol all primary 
3- lung tumors were used to identify the most representative regions of each 

2 lumoi and a tissue microarray (TMA) block was constructed as described 41 . 
Immunohistothemistry (IHC) was performed using both routine and sec- 

0 tions from the 7 MA block as described 1 '. Detailed methods and the con- 

01 centrations used for all antibodies are provided in (he Supplementary 
® Methods. 

Statistical methods, f- tests were used to identify differences in mean gene- 
expression levels between comparison groups. Agglomerative hierarchical 
clustering 0 was applied using the average linkage method to investigate 
whether there was evidence for natural groupings of tumor samples based 
on correlations between gene- express ion profiles. To investigate the ro- 
bustness ol the clustering inference, gene-expression values were per- 
turbed by adding random Gaussian error of magnitude obtained horn a 
duplicate sample lo each data point and then rec luster ed to determine con- 
cordant e in the tumor's class membership. Pearson, y 1 and lishei's exact 
tests were used to assess whether cluster membership was associated with 
physical and genetic characteristics of the tumors. 

To determine whether gene-expression profiles were associated with 
variability in survival times, 2 separate but complementary approaches 
were used. In the first approach, the 86 tumors were randomly as>igned to 
equivalent training and testing sets consisting of equal numbers o) stage I 
and tit tumors in order Invalidate a novel risk-index function that captured 
the effect ol many genes at once. In the second approach, cross- validation" 
was used to more robustly identify the genes associated with survival. 
Briefly, a leave- one- out' cross-validation procedure in whkh'85 of the 86 
tumois (the tiaining set) was used to identify qenes that were univariaiely 
associated with survival. "The risk index was defined as a linear combination 
of the gene- e>pie;sior> values for the top genes (dentil red by univariate Co.* 
proportional- hazard regression modeling" 1 *, weighted by their estimated re- 
gression toe (tit .tents. Kaplan- Meier survival plot; and Ion- Kink tests were 
then used to assess whether the lisk-inde* assignment to high/low cate- 
gories was validated in the test set. A more detailed description is provided 
(Supplementary Methods online). 



Note: Supplementary information h ovoilobte on the Nature Medicine website. 
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Rapid quantitation of proinflammatory and chemoattraclant cytokine 
expression in small tissue samples and monocyte-derived dendritic cells: 
validation of a new real-time RT-PCR technology. 

Blasclike V , Reich K. Blasclike S , Zippricti $ , Neumann C . 

Department of Dermatology, von-SieboId-Str. 3, D-37075, Goettingen, Germany. 
vblasch@gwdgide 

The analysis of cytokine profiles, plays a central part in the characterization of disease- 
related inflammatory pathways and the identification of functional properties of immune 
cell subpopulations. Because tissue biopsy samples are too small to allow the detection of 
cytokine protein, the detection of mRNA by RT-PCR analysis is often used to investigate 
the cytokine milieu in inflammatory lesions. RT-PCR itself is a qualitative method, 
indicating the presence or absence of specific transcripts. With the use of internal or 
external standards it may also serve as a quantitative method. The most widely accepted 
method is quantitative competitive RT-PCR, based on internal shortened standards. 
Recently, online real-time PCR has been introduced (LightCycler), which allows 
quantitation in less than 30 min; Here, we have tested its use for the analysis of cytokine . 
gene expression in different experimental in vitro and ex vivo settings. First, we 
compared quantitative competitive RT-PCR with real-time RT-PCR in the quantitation of 
transcription levels of the CD4(+) cell-specific chemoattractant Interleukin-16 during the 
maturation of monocyte-derived dendritic cells, and found a good correlation between 
both methods. Second, differences in the amounts of IL-16 mRNA in synovial tissue 
from patients with rheumatoid arthritis and osteoarthritis as assessed by real-time RT- . 
PCR paralleled differences in the level of IL-16 protein in the synovial fluid. Finally, we 
employed real-time RT-PCR to study the cutaneous expression of several cytokines 
during experimental immunomodulatory therapy of psoriasis by Interleukin-10, and 
demonstrate that the technique is suitable for pharmacogenomic monitoring. In summary, 
real : time RT-PCR is a sensitive and rapid tool for quantifying mRNA expression even 
with small quantities of tissue. The results obtained do not differ from those generated hy 
quantitative competitive RT-PCR. 

Publication Types: 

• Evaluation Studies 
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Butyrate-induced reversal of dexamethasoue resistance in autonomous rat 
Nb2 lymphoma cells. 

Buckley AR, Krumenacker JS Buckley DJ , LeffMA , Magnuson NS . Rccd JC , 
MiyashUa T, de JongG . Gout PVV . 

Department of Pharmacology and Toxicology, University of North Dakota School of 
Medicine and Health Sciences, Grand Forks 58202-9037, USA. 
abucldey@maiLmed.und.nodak.edu 

The parental rat Nb2 lymphoma is a prolactin (PRL)-dependent T cell line. Exposure of a 
PRL-independent subline, Nb2-SFJCD 1 , to sodium butyiate (NaBT) causes transient 
reversal of their growth factor-independent proliferation in association with constitutive 
expression of protooncogenes pim-1 and c-myc. In the present study, we investigated the 
effect of NaBT treatment on the sensitivity of Nb2-SFJCD1 cells to dexamethasone 
(DEX)-induced apoptosis. Pretreatment with NaBT (2 mM, 72 h) partially reversed 
resistance to apoptosis in Nb2-SFJCD1 cells exposed to DEX (1 00 nM) for 12 h, 
assessed by flow, cytometric analyses of DNA fragmentation. However, the cytolytic 
effect of .DEX was abrogated by PRL in a time- and concentration-dependent manner. 
Evaluation of apoptosis-associated gene expression in NaBT-pre-treated cultures 
incubated with DEX or DEX+PRL indicated that the apoptosis resistance did not stem 
from altered bcl-2 or bax expression. However, there was a strong correlation between 
- the resistance to DEX-activaled apoptosis and their enhanced expression of pim-1 mRNA 
and protein. The results show that it is possible to reverse DEX-induced apoptosis of Nb2 
pre-T cells and suggest the pim-1 gene product has an important role as a suppressor of 
this process, perhaps functioning as a mediator of PRL action. 
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Alterations in neuropeptide Y levels and Yl binding sites in the Flinders 
Sensitive Line rats, a genetic animal model of depression. 

Caberlotto L . Jimenez P. Oversti eet PR Kurd YL , Mathe AA , Fiixe K. 

Department of Neurosci ence, Karolinska Institute, Stockholm, Sweden. 

Previously, we observed specific alterations of neuropeptide Y (NPY) and Yl receptor 
mRNA expression in discrete regions of the Flinders Sensitive Line rats (FSL), an animal 
model of depression. In order to clarify the correlation between mRNA expression and 
protein content, radioimmunoassay and receptor autoradiography were currently 
performed. In the FSL rats, NPY-Iike immunoreactivity (NPY-LI) was decreased in the 
. hippocampal CA region, while Yl binding sites were increased; NPY-LI was increased 
in the arcuate nucleus. Fluoxetine treatment elevated NPY-LI in the arcuate and anterior 
cingulate cortex and increased Yl binding sites in the medial amygdala and occipital 
cortex in both strains. No differences were found regarding the Y2 binding sites. The 
results demonstrate a good correlation between NPY peptide and mRNA expression, and 
sustain the possible involvement of NPY and Yl receptors in depression. 
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Ncurokifiiii 1 receptor and relative abundance of the short and long 
isoforrns in the human brain. 

Cabcrlotto L , Hnrd YL , Murdock P , Wahlin JP , Melotto S , Corsi M , CarlcUi R . 

Department of Biology, Psychiatry CEDD, GlaxoSmithKline Medicine Research Centre, 
Verona, Italy. Laura.L.Caberidtto@gsk.com 

Substance P exerts its various biochemical effects mainly via interactions through 
neurokinin- 1 receptors (NKI). Recently, the NKI receptor has attracted considerable 
interest for its possible role in a variety of psychiatric disorders including depression and 
anxiety. However, little is known regarding the anatomical distribution of NK1 in the 
human central nervous system (CNS). Riboprobe in situ hybridization, quantitative PCR 
and in vitro autoradiography were performed. Highest NKI mRNA levels were localized 
in the locus coeruleus and ventral striatum, while moderate hybridization signals were 
observed in the cerebral cortex (most abundant in the visual cortex), hippocampus and 
different amygdaloid nuclei. Very low levels of the NKI mRNA were detected in the 
cerebellum and thalamus. In view of the existence of a long and short isoform of the NKI 
receptor, it was of interest to assess whether there was a differential distribution of the 
two splice variants in the human CNS and peripheral tissues. A quantitative TaqMan 
PCR analysis showed that the long NKI isoform was the most prevalent throughout the 
human brain, while in peripheral tissues the truncated form was the most represented. 
3H-Substance P autoradiography revealed a good correlation between receptor binding 
sites and NKI mRNA expression throughout the brain, with the highest levels of binding 
in the locus coeruleus. These results provide the anatomical evidence that the NKI 
receptors have a strong association with neuronal systems relevant to mood regulation 
and stress in the human brain, but do not suggest a region-specific role of the two 
isoforrns in the CNS. 
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Characterization of cyclin D2 expression in human endometrium. 

ChojP, YooilS, Lee E, Hwang S , Song S, Kim J, Yoon BK. Lcc JH. 

. Department of Obstetrics and Gynecology, Samsung Medical Center, Sungkyunkwan 
University School of Medicine, Seoul, South . Korea. dschoi@smc.samsung.co.kr 

OBJECTIVE: This study. was undertaken to investigate cyclin D2 mRNA and protein 
expression in human endometrium during the menstrual cycle. METHODS: Endometrial 
samples were obtained from 15 premenopausal nonpregnant women who had 
hysterectomies for benign gynecologic reasons. They were divided into the following five 
groups according to histologic dating: early proliferative (n = 3), mid to late proliferative 
(n = 3), early secretory (n = 3), mid secretory (n = 3), and late secretory (n = 3). Cyclin 
D2 mRNA and protein expression were analyzed using reverse transcriptase-polymerase 
chain reaction, Western blotting, and immunohistochemistry. RESULTS: Cyclin D2 
mRNA and protein were expressed in human endometrial tissue throughout the menstrual 
cycle. Cyclin D2 mRNA and protein expression of proliferative phase endometrium were 
significantly higher than those of secretory phase endometrium (P <.05). The staining 
intensity of cyclin D2 in proliferative phase endometrium was higher than that in 
secretory phase (P <.05). Cyclin D2 mRNA level showed good correlation with cyclin 
D2 protein level (R = 0.579, P <.03), and cyclin D2 protein also showed good correlation 
with immunohistochemical staining intensity (R = 0.562, P <03)- CONCLUSION: 
Cyclin D2 was expressed in human endometrium tliroughout the menstrual cycle. Cyclin 
D2 mRNA and protein were expressed at high levels in proliferative phase endometrium, 
especially in the early proliferative phase, and then decreased in die secretory phase. 
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Human chorionic gonadotrophs beta expression in malignant Barrett's 
oesophagus. 

Convclard A, Paraf F , Vidaud D , Dubois S . Vidaud M Flcjou JF, Pegott C . 

Service d'Anatomie Pathologique, Hopital Beaujon, 92 II 8 Clichy cedex, France, 
ajine.couvelaid@bjn.ap-hop-paris.fr 

BACKGROUND: Human chorionic gonadotropin beta (hCGbeta) is expressed in 
several non-trophoblastic tumours, and this is usually associated with aggressive 
behaviour. Little is known about hCGbeta expression in Barrett's adenocarcinoma. 
MATERIALS AND METHODS: We determined the hCGbeta profile in a large series of 
surgically resected Barrett's adenocarcinoma (a) at mRNA level using real-time 
quantitative reverse-transcription polymerase chain reaction analysis and (b) at protein 
level using immunohistochemistry with a polyclonal antibody and with a monoclonal 
antibody specific for free hCGbeta. We then sought links between the hCGbeta protein 
expression pattern and clinical and pathological parameters, including patient outcome as 
well as vascular endothelial growth factor (VEGF) expression. RESULTS: hCGbeta 
protein expression was observed in 43 of 76 (57%) Barrett's adenocarcinomas. We 
showed a strong correlation between hCGbeta protein abundance and CGB mRNA level. 
We observed a statistical link between hCGbeta protein expression and infiltrative 
rumour type ( P=0.023), perineural neoplastic invasion ( P=0.007) and VEGF protein 
expression ( P=0.016). hCGbeta expression tended to be associated with a poor outcome 
(16% versus 36% survival 8 years after resection). CONCLUSION: Expression of 
hCGbeta correlates with specific infiltrative characteristics and is associated with higher 
VEGF expression. Both molecules may play a co-ordinated role in the development of 
Barrett's adenocarcinomas. 
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Downregulation of ENaC activity and expression by TNF-alpha in alveolar 
epithelial cells. 

Dagcnais A , Frechette R, Yamagata Y . Yamagata T . CarmelJR Clermont ME 
Brochiero E . Masse C . Berthiaumc Y . 

Centre de recherche, CHUM-Hotel-Dieu, 3850 St-Urbam, Montreal, Quebec, Canada 
H2WlT7.andre.dagenaisxhum@ssss.gouv.qc.ca 

■Sodium absorption by an amiloride-sensitive channel is the main driving force of lung 
liquid clearance at birth and lung edema clearance in adulthood. In this study, we tested 
whether tumor necrosis factor-alpha (TNF-alpha), a proinflammatory cytokine involved 
in several lung pathologies, could modulate sodium absorption in cultured alveolar 
epithelial cells. We found that TNF-alpha decreased the expression of the alpha-, beta-, 
and gamma-subunits of epithelial sodium channel (ENaC) mRNA to 36, 43, and'l6% of 
the controls after 24-h treatment and reduced to 50% the amount of alpha-ENaC protein 
in these cells. There was no impact, however, on alpha(l) and beta(l) Na(+)-K(+)- 
ATPase mRNA expression. Amiloride-sensitive current and ouabain-sensitive Rb(+) 
uptake were reduced, respectively, to 28 and 39% of the controls. A strong correlation 
was found at different TNF-alpha concentrations between the decrease of amiloride- 
sensitive current and alpha-ENaC mRNA expression. All these data show that TNF- 
alpha, a proinflammatory cytokine present during lung infection, has a profound 
influence on the capacity of alveolar epithelial cells to transport sodium. 
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Involvement of the CCNDl gene iu hairy cell leukemia. 

dc Boer CJ , Kluin-Nelemaris JC . Dreef E , Kester MG , Kluin PM Schuuring E, van 
Krieken JH . 

Department of Pathology, University of Leiden, The Netherlands. 

BACKGROUND: Previous results suggested increased mRNA expression of CCNDl in 
hairy cell leukemia (HCL). The CCND 1 gene is involved in the t( 1 1 ; 1 4)(ql 3 ;q32) 
chromosomal rearrangement, a characteristic abnormality in mantle cell lymphoma 
(MCL). We and others reported that, in contrast to other B-cell lymphomas, almost all 
MCL have over-expression of the CCNDl gene with a good correlation between RNA 
and protein analysis. Recent studies showed that overexpression of the cyclin Dl protein 
can be easily detected by unmunohistochemistry (IHC) on formalin-fixed, paraffin 
embedded tissues. PATIENTS AND METHODS: To investigate whether the CCNDl 
gene is involved in HCL, we performed IHC on a series of 22 cases using formalin-fixed 
paraffin embedded splenectomy specimens. For IHC the sections were boiled in citrate 
buffer. The presence of rearrangements within the BCL-l locus and the CCNDl gene 
was analyzed in 13 of 22 cases by Southern blot analysis using all available break-point 
probes. Expression of CCNDl was analyzed at the mRNA level (Northern blot) and 
protein level (IHC). RESULTS: Overexpression of the cyclin Dl protein using IHC was 
observed in all cases, with strong expression in 5. cases. Pre-existing B- and T-cell areas 
of the spleen did not express significant levels of the cyclin Dl protein. Seven of 9 cases 
analyzed by both IHC and Northern blotting showed overexpression of the CCNDl gene 
with both methods. No genomic abnormalities were observed in any of the 13 cases 
studied by Soudiern blot analysis. Additionally, no 1 lq!3 abnormalities were detected by 
banding analysis of 19 of 22 cases. CONCLUSIONS: The elevated levels of CCNDl 
mRNA and protein in conjunction with the absence of overt rearrangements within the 
BCL-l locus distinguish HCL from MCL and other B-cell malignancies. This suggests 
that activation of the CCNDl gene in HCL is due to mechanisms other than chromosomal 
rearrangement. 
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lahibiu aud activin production aud subunit expression in human placental 
cells cultured in vitro. 

D'ebievc F , Pampfer S , Thomas K . 

Department of Obstetrics and Gynecological Endocrinology, Universtte Catholique de 
Louvain, 1200 Brussels, Belgium. 

Inhibins and activins are dimeric proteins, with each subunit being one of three related 
protein subunits (alpha, betaA or betaB). The mRNA levels of these subunits were 
studied quantitatively during in-vitro differentiation of human cytotrophoblast cells into 
syncytium, using Northern blot analysis and semi-quantitative reverse transcription- 
polymerase chain reaction (RT-PCR) analysis. The corresponding protein concentrations 
were determined by specific enzyme-linked immunosorbent assays for inhibin A, B, pro 
alphaC and activin A in cellular protein extracts and culture medium (n = 5). 
Immunofluorescence studies showed syncytium formation after 48 h. The alpha subunit 
was present before plating and increased at 48 h (PO.OOl) while the betaA subunit was 
weak before plating and increased at 24 h. The betaB subunit was not detected. With 
respect to corresponding protein synthesis, inhibin A (alpha + betaA) had risen after 48 h 
in cellular protein extract and after 72 h in culture medium, while activin A (betaA + 
betaB) was detected after 24 h, with no significant variations in culture medium. There 
was a good correlation between inhibin A and alpha subunit expression (r = 0.736, 
PO.OOl), as well as between activin A and betaA subunit expression (r = 0.755, 
PO.OOl). This study showed that mJRNA expression parallels protein synthesis of inhibin 
and activin in trophoblast cells. Inhibin A synthesis appears to be dependent on alpha 
subunit mRNA expression, rather than on the betaA subunit which controls activin A 
synthesis. This study has also shown that isolated cytotrophoblast cells do not produce 
dimeric inhibin. However, during the transformation of cytotrophoblast cells into 
syncytium, betaA subunit mRNA expression may be an indicator of cell aggregation, 
while alpha subunit mRNA expression may be an indicator of cell fusion. 
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Expression of membraiic-lype matrix metalloproteinases 4, 5, and 6 in 
mouse corneas infected with P. aeruginosa. 

Dong Z , KatarM Alousi S , Berk RS . 

Department of Irruriwiology and Microbiology, Wayne State University School of . 
Medicine, 540 E. Canfield, Detroit, MI 48201, USA. 

PURPOSE: To investigate the expression and regulation of membrane-type matrix 
metalloproteinases (MT-MMPs) 4, 5, and 6 in the mouse corneas infected with 
Pseudomonas aeruginosa. METHODS; C57BL/6J mice were intracorneally infected with 
P. aeruginosa. The expression of MT4-, MT5-, and MT6-MMP was detected at both the 
mRNA and protein levels by RT-PCR and immunoblot analysis. Immunohistochemical 
staining was performed to.localize the expression of MT4- and MT5-MMP in the mouse 
corneas, RESULTS; Expression of MT4- and MT5-MMP was detected in the normal . 
(uninfected) cornea by RT-PCR and immunoblot analysis/When infected with P. 
aeruginosa, the corneas showed "significant induction of each MT-MMP. Localization of 
MT4- and MT5-MMP revealed that the expression of MT5-MMP was restricted to the 
epithelial tissue in the normal cornea, whereas the induced expression of MT4- and MT5- 
MMP was predominantly in the substantia propria, which contained most of the 
infiltrating cells. MT6-MMP expression was not detected in the uninfected cornea but 
was upregulated in thelnfected corneas. CONCLUSIONS: Expression of MT4-, MT5-, 
and MT6-MMP was induced in corneas infected with P. aeruginosa. 
Immunohistochemistry showed predominant immunoreactivily of MT4- and MT5-MMP 
in the substantia propria. Previous histologic studies have revealed different patterns of 
inflammatory cell infiltration with an increased number of polymorphonuclear 
neutrophils (PMNs) during the early stage of inflammation and increased macrophages 
during the late stage. These results indicate a good correlation between the 
overexpression of the MT-MMPs in the infected corneas and the inflammatory response- 
that is, leukocyte infiltration-indicating that inflammatory cells such as macrophages and 
PMNs may play a role in the upregulation of MT-MMPs during corneal infection, which 
in turn can cause the destruction of corneal tissue. 
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Assessment of proliferative activity in colorectal carcinomas by 
quantitative reverse transcriptase-polymerase chain reaction (RT-PCR). 

Ditch row Hascmcvcr S , Broil R , Bruch Hl\ VVindiiovel U . 

Surgical Research Laboratory, Surgical Clinic, Medical University of Lubeck, 
Ratzeburger Allee 160, D-23538 Lubeck, Germany. 

The monoclonal antibody Ki-67 and the isospecific monoclonal antibody MIB-1 are 
routinely used in oncology to assess the proliferation index of tumor cells. A more 
objective and sensitive method is the determination of the of Ki-67 protein-specific 
mRNA by quantitative reverse transcriptase-polymerase chain reaction (RT-PCR). In 25 
resected colorectal adenocarcinomas of different stages and grades we determined 
between 0.2 and 4.4 amol (10(-18) moi) Ki-67 protein-specific mRNA per microgram 
total RNA (median = 0.88 amol). The corresponding Ki-67 indices (expressing the 
percentage of Ki-67/MIB-I positive tumor cells) ranged from 41 to 81% (median = 61%). 
We found a good correlation between Ki-67 index and mRN A expression (r = 0.75), a 
significant correlation between both data and tumor stage (primary tumor, regional nodes, 
metastasis [pTNM] staging classification) (p < 0.001), but not between both data and 
tumor grade. Both Ki-67 indices (p = 0.05) and itlRNA levels (p = 0.014) correlated 
significantly to the patients' survival. These results demonstrate that the Ki-67 protein- 
specific quantitative RT-PCR is a useful method for the characterization of tumor cell 
proliferation. 
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Molecular characterisation of carbohydrate digestion and absorption in 
equine small intestine. 

PycrJ, Fcrnandcz- Castano Mercdiz K . Salmon ICS, Proudman CJ . Edwards GB . 
SIurazi-Becchcy SP . 

Department of Veterinary Preclinical Sciences, University of Liverpool, UK. 

Dietary carbohydrates, when digested and absorbed in the small intestine of the horse, 
provide a substantial fraction of metabolisable energy. However, if levels in diets exceed 
the capacity of the equine small intestine to digest and absorb them, they reach the 
hindgut, cause alterations in microbial populations and the metabolite products and 
predispose the horse to gastrointestinal diseases. We set out to determine, at the 
molecular level, the mechanisms, properties and the site of expression of carbohydrate 
digestive and absorptive functions of the equine small intestinal brush-border membrane. 
We have demonstrated that the disaccharidases sucrase, lactase and maltase are expressed 
diversely along the length of the intestine and D-glucose is transported across the equine 
intestinal brush-border membrane by a high affinity, low capacity, Na-i7glucose 
cotransporter type 1 isoform (SGLT1). The highest rate of transport is in duodenum > 
jejunum > ileum. We have cloned and sequenced the cDNA encoding equine SGLT1 and 
alignment with SGLT1 of other species indicates 85-89% homology at the nucleotide and 
84-87% identity at the amino acid levels. We have shown that there is a good correlation 
between levels of functional SGLTl protein and "SGLTI iriRNA abundance along the 
length of the small intestine. This indicates that the major site of glucose absorption in 
horses maintained on conventional grass-based diets is in the proximal intestine, and the 
expression of equine intestinal SGLTl along the proximal to distal axis of the intestine is 
regulated at the level of mRNA abundance. The data presented in this paper are the first 
to provide information on the capacity of the equine intestine to digest and absorb soluble 
carbohydrates and has implications for a better feed management, pharmaceutical 
intervention and for dietary supplementation in horses following intestinal resection. 
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Suppressors of cytokine signaling proteins are differentially expressed in 
Thl and Th2 cells: implications for Th cell lineage commitment and 
maintenance. 

Egwuagu CE. YuCR, Zhang M / Mahdi RM Kim SJ , Gery i . 

Laboratory of Immunology, National Eye Institute, National Institutes of Health 
Bethesda, MD 20892, USA. emeka@helix.nih.gov 

Positive regulatory factors induced by IL-12/STAT4 and IL-4/STAT6 signaling during T 
cell development contribute to polarized patterns of cytokine expression manifested by 
differentiated Th cells. These two critical and antagonistic signaling pathways are under 
negative feedback regulation by a multimember family of intracellular proteins called 
suppressor of cytokine signaling (SOCS). However, it is not known whether these 
negative regulatory factors also modulate Thl /Th2 lineage commitment and maintenance. 
We show here that CD4(+) naive T cells constitutive^ express low levels of SQCS1, 
SOCS2, and SOCS3 mRNAs. These mRNAs and their proteins increase significantly in 
nonpolarized Th cells after activation by TCR signaling.. We further show that 
differentiation into Thl or Th2 phenotype is accompanied by preferential expression of 
distinct SOCS mRNA transcripts and proteins. SOCS1 expression is 5-fold higher in Thl 
than in Th2 cells, whereas Th2 cells contain 23-fold higher levels of SOCS3. We also 
demonstrate that IL-12-induced STAT4 activation is inhibited in Th2 cells that express 
high levels of SOCS3 whereas IL-4/STAT6 signaling is constirutively activated in Th2 
cells, but not Till cells, with high SOCS1 expression. These results suggest that mutually 
exclusive use of STAT4 and STAT6 signaling pathways by differentiated Th cells may 
derive in part, from SOCS3- or SOCS I -mediated repression of IL-12/STAT4- or IL- 
4/STAT6 signaling in Th2 and Th l cells, respectively. Given the strong correlation 
between distinct patterns of SOCS expression and differentiation into the Thl or Th2 
phenotype, SOCS1 and SOCS 3 proteins are therefore Th lineage markers that can serve 
as therapeutic targets for immune modulation therapy. 
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Intravitreal invading cells contribute to vitreal cytokine milieu in 
proliferative vitreoretinopathy. 

El-Ghrablv IA , Dua HS , Orr GM, Fischer D, Tighe PJ . 

Larry A Donoso Laboratory for Eye Research, Department of Ophthalmology, University 
of Nottingham, UK. 

AIM: To examine the contribution of infiltrating cells in the local production of cytokines 
within the vitreous of patients with proliferative vitreoretinopathy (PVR). METHODS: 
The presence of mRNA coding for IL'-6, IL-8, IL-lbeta, IL-1 alpha, TNFalpha, 
IFNgamma, IL-1 2, and HPRT was investigated in 25 vitreous samples from patients with 
PVR, 1 1 vitreous samples from patients with retinal detachment (RD) not complicated by 
PVR, and 10 vitreous samples from patients with macular hole (MH). A quantitative 
reverse transcriptase polymerase chain reaction (RT-PCR) using an internal competitor 
was used to investigate these samples. From these samples, 15 PVR, 8 RD, and 8 MH 
were analysed for the protein levels of the same cytokines using eniyme linked 
immunosorbent assay (ELISA). Spearman correlation was used to test any association 
between mRNA and cytokine protein levelspas an indicator of the contribution these cells 
make to the intravitreal cytokine milieu. RESULTS: A strong correlation was found 
between mRNA and their respective cytokine levels ;(protein products) for IL-6, IL-8, IL- 
lbeta, IL-1 alpha, TNFalpha, IFNgamma (Spearman r = 0:83, 0.73, 0.67, 0.91, 0.73, and 
0.73 respectively), but not for IL-12. The median levels of IL-6, 11^8, IL-lbeta, and 
IFNgamma mRNA and their respective cytokines were significantly higher (p <0.05) in 
patients with PVR than in those with macular' hole. There was no statistically significant 
difference in the median levels of IL-1 alpha mRNA between PVR and MH but the 
cytokine IL-I alpha was detected at a significantly higher level in PVR compared with 
MH patients. Between PVR and RD patients, there was no statistically significant 
difference in mRNA levels for all the investigated cytokines (p >0,05) except for IL-6 
where there was a statistical significance (p= 0.038). In contrast, the median levels of IL- 
6, IL-8, and IL-lbeta cytokines were significantly higher (p <0.05) in patients with PVR 
than in those with RD, whereas for IL-1 alpha and IFNgamma no significant statistical 
difference was detected between PVR and RD patients (p >0.05). When results of RD 
and MH patients were compared, a statistical difference was only detected in mRNA 
levels of INFgamma (p = 0.008). However, no difference was detected for INFgamma 
(protein product) or for any of the other cytokines between RD and MH patients. 
CONCLUSION: Levels of both protein and mRNA encoding IL-6, IL-8, IL-lbeta, and 
IFNgamma is significantly increased in vitreous samples from patients with PVR. The 
strong correlation between ELISA detectable cytokines (protein products) and their 
respective mRNA levels suggest that intravitreal, invasive cells are the major source of 
these cytokines, with the exception of IL-1 2. Cells invading the vitreous do not appear to 
locally produce 3L-12 mRNA. This would appear to implicate cells peripheral to the 



vitreal mass as the major source of this cytokine. 
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Modulation of the glutamatergic receptors (AMP A and NMD A) and of glutamate 
vesicular transporter 2 in the rat facial nucleus after axotomy. 

EI co re L; Vassias I , Vidal PP. de Wacle C 

LNRS (CNRS-Paris V), ESA 7060, Centre Universitaire des Saints-Peres, 45 rue des Saints- 
Peres, 75270 Paris" Cedex 06, France. 

Facial nerve axotomy is a good model for studying neuronal plasticity and regeneration in the 
peripheral nervous system. We investigated in the rat the effect of axotomy on the different 
subunits of excitatoiy glutamatergic AMPA (GLuRl-4), NMDA (NR1, NR2A-D) receptors, post- 
synaptic density 95, vesicular glutamate transporter 2, beta catenin and cadherin. mRNA levels 
and/or protein production were analyzed 1, 3, 8, 30 and 60 days after facial nerve axotomy by in 
situ hybridization and immunohistofluorescence. mRNAs coding for the GLuR2-4, NR1 , NR2 A, 
B, D subunits of glutamatergic receptors and for post-synaptic density 95, were less abundant after 
axotomy. The decrease began as early as 1 or 3 days after axotomy; the mRNAs levels were 
lowest 8 days post-lesion, and returned to. normal or near normal 60 days after the lesion. The 
NR2C subuhit mRNAs were not detected in either lesioned or intact facial nuclei. 
Immunohistochemistiy using specific antibodies against GLuR2-3 subunits and against NR1 
confirmed this down-regulation. There was also a large decrease in vesicular glutamate transporter 
2 immunostaining in the axotomized facial nuclei at early stages following facial nerve section. In 
contrast, no decrease of NR2A subunit and of post-synaptic density 95 could be detected at any 
time following the lesion, beta Catenin and cadherin immunoreactivity pattern changed around the 
cell body of facial motoneuron by day 3 after axotomy, and then, tends to recover at day post- 
lesion 60 days. Therefore, our results suggest a high correlation between restoration of 
nerve/muscle synaptic contact, synaptic structure and function in facial nuclei. To investigate the 
mechanisms involved in the change of expression of these proteins following axotomy, the facial 
nerve was perfnsed with tetrodotoxin For 8 days. The blockade of action potential significantly 
decreased GLuR2-3, NRland NR2A mRNAs in the ipsilateral facial nuclei Thus, axotomy- 
mduced changes in mRNA abundance seemed to depend partly on disruption of activity; 

PMID: 16182453 [PubMed - in process] 



372: Free Radic Res. 1996 Jun;24(6):45 1-9. Re)al ed Articles. Links 

Altered levels of scavenging enzymes in embryos subjected to a diabetic 
environment. 

Forsber R H , Bor^LA, CaglieroE, Eriksson III 

Department of Medical Cell Biology, University of Uppsala, Sweden. 

Maternal diabetes during pregnancy is associated with an increased rate of congenital 
malformations m the offspring. The exact molecular etiology of the disturbed 
embryogenes.s ,s unknown, but an involvement of radical oxygen species in the 

SeenT, JST " WtaL ° Mve da ™& l™»PP«« an imbalance 

between he ac ,vty of the free oxygen radicalsand the antioxidant defence mechanisms 

^vl o h h I ^ ^ ° f StUdy W3S t0 investi S ate if™te™i diabetes 
in vivo, or h.gh glucose .n vitro alters the expression of the free oxygen radical 

scavenging enzymes superoxide dismutase (CuZnSOD and MnSOD), catalase and 

glutathione peroxidase in rat embryos during late organogenesis. We studied offspring of 

normal and diabetic rats on gestational days 1 1 and 12, and also evaluated day-1 1 

mte™. ft ! 48 h< ™ C ?T Pen0d in 10 ^ 0r 50 mM e'^ose concentration. Both 
maternal diabetes and high glucose culture caused growth retardation and increased rate 
ot congenital malformat.ons in the embryos. The CuZnSOD and MnSOD enzymes were 
expressed on gestat.onal day 1 1 and both CuZnSOD, MnSOD and catalase were 
expressed on day 12 with increased concentrations of MnSOD transcripts when 
challenged by a d.abetic milieu. There was a good correlation between mRNA, protein 
and activity levels, suggesting that the regulation of these enzymes occurs primarily at the 

fnd IS J ' m • ^n eraa ' diabCteS m ViV ° and ^ *«^> concentrationTn Vilo 
induced mcreased MnSOD expression, concomitant with increased total SOD activity 
and a tentahve decrease in catalase expression and activity in the embryos These 
findings support the notion of enhanced oxidative stress in the embryo as an etiologic 
agent in diabetic teratogenesis. 
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Induction of the estrogen receptor by growth hormone and glucocorticoid 
substitution in primary cultures of rat hepatocytes. 

Freyschuss B , Stavi eus-Evers A . Sahlin L , Eriksson H . 

Department of Reproductive Endocrinology, Karplinska Hospital, Stockholm, Sweden. 

Hepatic estrogen receptors (ER) mediate estrogenic effects on mammalian I i ver 
metabolism and are thereby involved in the regulation of important 
physiological/pathological processes, such as coagulation, atherosclerosis, and 
hypertension. The regulation of die formation of the ER in primary cultures of rat 
hepatocytes was studied by assaying ER and ER mRNA under different endocrine 
conditions. The ER concentration was measured using two different methods, a ligand- 
binding technique and an ER enzyme immunoassay. The results obtained by the two 
methods showed good correlation, and linear regression analysis gave a correlation 
coefficient of 0.95. ER concentrations fell to low steady state levels within 16 h after 
establishing the cell culture and remained low in the absence of hormonal substitution. 
Upon medium supplementation with pituitary GH and the glucocorticoid dexamethasone 
(DEX) in combination, the ER concentration increased 6-fold from 4.2 +/- 1 .0 to 25.8 +/- 
7.0 fmol/mgcytosolic protein. ER mRNA was measured by solution hybridization. 
Substitution with GH and DEX in combination increased ER mRNA to 2 1 0 +/- 1 4% of 
control levels. No effect on ER mRNA stability was seen after hormone treatment. It is 
concluded that the regulatory effects of GH and DEX on the hepatic ER in this in vitro 
system are very similar to the effects of these hormones under in vivo conditions. The 
inducible expression of the ER has never before, to our knowledge, been demonstrated in 
any mammalian liver cell culture system. 
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Cyclin Dl-ncgative mantle cell lymphoma: a clinicopathologic study based on 
gene expression profiling. 

.1, GeskS, S.cbcrt R , Be Jon g D, JaffeES , Wilson WH . Delaine J , Ott G t Dave BJ Sanger 
MJ, Smith LM , RjmszaL, Brazicl RM, Mullcr-Hcrmelmk HV r^mpnjj; Gascovne RD. 
MailflLLM, Clian WC ; Lvm nhoma/Leiikemin Molecular Profiling P™j <w 

Department of Pathology and Microbiology, University of Nebraska Medical Center 983 1 35 
Nebraska Medical Center, Omaha, NE 68198-3135, USA. kfti@uninc.edu 

2^!1 D o overex P ression is believed to ^ essential.in the pathogenesis of mantle cell lymphoma 
(MCL). Hence, the existence of cyclin Dl -negative MCL has been controversial and difficult to 
substantiate. Our previous gene expression profiling study identified several cases that lacked 
cyclin Dl expression, but had a gene expression signature typical of MCL. Herein, we report the 
cluneal, pathologic, and genetic features of 6 cases of cyclin Dl-negative MCL. All 6 cases 
exhibited the characteristic morphologic features and the unique gene expression signature of 
MCL but lacked the t(l I ;M)(q 1 3; q32) by fluorescence in situ hybridization (FISH) analysis The 
tumor cells also failed to express cyclin Dl protein, but instead expressed either cyclin D2 (2 
cases) or cyclin D3 (4 cases). There was good correlation between cyclin D protein expression and 
the corresponding mKNA expression levels by gene expression analysis. Using interphase FISH, 
we did not detect chromosomal translocations or amplifications involving CCND2 and CCND3 ' 
loci in these cases. Patients with cyclin D J-negative MCL were similar clinically to those with 
cychn Dl -positive MCL. In conclusion, cases of cyclin Dl-negative MCL do exist and are part of 
the spectrum of MCL. Up-regulation of cyclin D2 or D3 may substitute for cyclin Dl in the 
pathogenesis of MCL. 

PMID: 161 232 1 8 [PubMed - indexed for MEDLINE] 
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Oxytocin receptors in boviue cervix: distribution and gene expression 
during the cstrous cycle. 

Fuchs AR, Fveli R, Fields PA. Chang SM . Fields MX 

Department of Obstetrics.and Gynecology, Cornel! University Medical College New 
York, New York 10021, USA. 

Oxytocin (OT) receptor (OTR) concentrations were determined in the cervix of 
nonpregnant cows on cycle Days 0, 3, 7-8, 17, and 19 (n = 3-4 cows each day); [3HJOT 
was used as the labeled ligand. Mucosal and muscle layers of the cervix were aiso 
analyzed separately for both ligand binding and expression of die OTR gene using a 
newly developed RNase protection assay (RAP). Cellular localization of OTR protein 
was determined by immunohistochemistry. All regions of cervix from cows at estrus had 
high concentrations of OTR; in the luteal phase, all were sharply down-regulated. At 
estrus the mucosal layer had about 30-fold higher concentrations than the muscle layer. 
OTR mRNA was readily detected by RAP in the mucosa from estrous cows, while much 
weaker signals were found in the muscle. On Days 7-17, the OTR mRNA signals in both 
mucosa and muscle were very faint or nondetectable. Thus, there was a good correlation 
between ligand binding and mRNA expression, which suggests that OTR concentrations 
are mainly regulated at the transcriptional level. The epithelial cells at the luminal surface 
of the mucosa were the principal site of immunoreactive OTR; muscle cells showed 
significantly weaker signals. Previously, OT was found to stimulate prostaglandin (PC) 
E2 output m vitro in bovine cervical tissues. Since PGE2 is capable of softening the 
cervix, our findings suggest that OT may have a novel physiological function to cause 
softening of the bovine cervix mediated by the release of PGE2. 
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Silencing of the thrombomodulin geue in human malignant melanoma. 
FunitaJ, Kaucda A, Umcbavasui V Ojyjlrgg, ^^^r -^ji^r 
Carcinogenesis Division, National Cancer Center Research Institute, Tokyo, Japan. 

The l 0S s of thrombomodulin (TM) expression is associated with tumour growth 
uil.ltration and lymph node metastasis in human tumours. In melanoma cell line's TM is 
reported to mediate cell adhesion, and its introduction into TM-negative melanoma cell 
lines suppresses their growth. In this study, we analysed TM expression in surgical 
melanoma specimens arid the role of its promoter methylation in the loss of its 
expression. In 15 (75%) -of the 20 specimens (five from a primary site and 15 from 
metastatic sites), melanoma cells lacked TM immunoreactivity. Methylation of die TM 
promoter region was detected in 10 (67%) of the 1 5 TM-negative specimens by 

Sv a ??r S r C 'i C J , ° lymeraSe Chai " reaC,ion ' whereas "Ration was detected in two 
(40 /o) of the five TM-positive specimens. In cell lines, complete methylation of the TM 
promoter CpG .sland was detected in six (46%) of 13 melanoma cell lines, whereas no 
methylation was detected in two cultured normal melanocytes. There was a good 
correlation between the methylated status of the CpG island and the loss of TM 
messenger RNA (mRNA) expression. Treatment of melanoma cell lines with a 
demethylatmg agent, 5-aza-2'-deoxycytidine, induced demethylation of the promoter 
CpG island and the restoration of mRNA and protein expression. These findings suggest 
Jhat most human melanomas lack TM expression, and that methylation of the promoter 
CpG island is one of the mechanisms responsible. 
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A sampling of the yeast protcome. 

IjitcticrB, Latt er GI, Monardo P . McLaughlin OS . Garrels JT . 

Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 1 1 724, USA 
futcher@cshl.org 

In this study, we examined yeast proteins by two-dimensional (2D) gel electrophoresis 
and gathered quantitative information from about 1,400 spots. We found that there is an 
enormous range of protein abundance and, for identified spots, a good correlation 
between protein abundance, mRNA abundance, and codon bias. For each molecule of 
well-translated mRNA, there were about 4,000 molecules of protein. The relative 
abundance of proteins was measured in glucose and ethanol media. Protein turnover was 
examined and found to be insignificant for abundant proteins. Some phosphoproteins 
were identified. The behavior of proteins in differential centrifugation experiments was 
examined. Such experiments with 2D gels can gi ve a global view of the yeast proteome. 
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In this study, we examined yeast proteins by two-dimensional (2D) gel electrophoresis and gathered quan- 
titative information from about 1,400 spots. We found that there is an enormous range of protein abundance 
and, for rdenlified spots, a good correlation between protein abundance, mRNA abundance, and codon bias 
For each molecule of well- translated mRNA, there were about 4,000 molecules of protein The relative 
abundance of proteins was measured in glucose and elhanol media. Protein turnover was examined and found 
to be insignificant for abundant proteins. Some phosphoproteins were identified. The behavior of proteins in 
differential centnfugalion experiments was examined. Such experiments with 2D gels can give a global view of 
the yeast proteome. 



The sequence of the yeast genome has been determined (9). 
More recently, the number of mRNA molecules for each ex- 
pressed gene has been measured (27, 30). The next logical level 
of analysis is that of the expressed set of proteins. V/e have 
begun to analyze the yeast proteome bv using two-dimensional 
(2D) gels. 

2D gel electrophoresis separates proteins according to iso 
electric point in one dimension and molecular weight in the 
other dimension (21), allowing resolution of thousands of pro- 
teins on a smg)c gel. Although modern imaging and computing 
techniques can extract quantitative data for each of the spots in 
a 2D gel, there aie only a few cases in which quantitative data 
have been gathered from 2D gels. 2D gel electrophoresis is 
almost unique in its ability to examine biological responses 
over thousands of proteins simultaneously and should there- 
fore allow us a relatively comprehensive view of cellular me- 
tabolism. 

We and others have worked toward assembling a yeast pro- 
tein database consisting of a collection of identified spots in 2D 
gels and of data on each of these spots under various condi- 
tions (2, 7, 8, 10, 23, 25). These data could then be used in 
analyzing a protein or a metabolic process. Saccharomyces 
cerevisiae is a good organism for this approach since it has a 
well-understood physiology as well as a large number of mu- 
tants, and its genome has been sequenced. Given the sequence 
and the relative lack of in irons in 5. cerevisiae, it is easy to 
predict the sequence of the primary protein product of most 
genes. This aids tremendously in identifying these proteins on 
2D gels. 

There are. three pillars on which such a database rests: (i) 
visualization of many protein spots simultaneously, (ii) quan- 
tification of the protein in each spot, and (iii) identification of 
the gene product for each spot. Our first efforts at visualization 
and identification for S. cerevisiae have been described else- 
where (7, S). Here we describe quantitative data for these 
proteins under a variety of expeiimcniaJ conditions. 

MATERIALS AND METHODS 
Strains and mriiia. 5. ( etewiae W'303 [MAT* adel-l his3 JJJ5 *W- ? 1)2 
irpl l ura3-) cuni-}00) was „s t J (?(,}. - Mm YNfi (yeast nitroven base) medium 
was 1.7 2 of YNB (Dilco) po liio. 5 e of ammonium sulfate per liter, and 
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adenine, uracil, and al) amino acids except methionine; -Met.-Cys YNB me- 
dium was the same but without methionine or cysteine. Medium was supple- 
mented with 7% glucose.(for most experiments) or with 2% ethanol (for ethanot 
experiments). Low-phosphalc YJEPD was described by Warner (28). 

Isotopic labeling of yrasl and preparation of cell extracts. Yeast strains were 
labeled and proteins were extracted as described by Garrets et at. (7, 8). Briefly 
celts were grown to 5 XIO* cells per ml. at 30"C; I ml of culture was' transferred 
to a fresh tube, and OJ mCi of ( ?5 SJmethiomne (e.g.. Express protein labeling 
ma; New England Nuclear) was added to this J -ml culture. The cells were 
incubated for a further 10 to 15 min and then transferred to a ) _5-mJ microcen- 
trifuge tube, chilled on ice. and harvested by ccntrifugation. The supernatant was 
removed, and the cell pellet was rcsttspended in 100 u.1 of lysis buffer (20 mM 
Tris-HCI IpH 7.6), 10 mM NaF, 10 mM sodium pyrophosphate, 0.5 mM EDTA, 
O.J% deoxycholate: just before use, phenylmethylsulfonyl fluoride w;>s added to 
I mM, leupeptin was added to J u.g/ml, pepsialin was added to 1 ng/ml. tosyl- 
sultonyl phenylalanyl chloromethyl ketone was added to 10 ug/ml, and soybean 
trypsin inhibitor was added lo 10 ng/ml). 

The resuspended cells were transferred to a screw-cap 1.5-ml polypropylene 
tube containing 0.23 g of glass beads (Oj-mm diameter; Biospcc Products) or 
0.40 g of zirconia beads (03-mm diameter; Biospec Products). After the cap was 
secured, the lube was inserted into a MiniBeadbeatei 3 (Biospec Products) and 
shaken at medium high speed at 4°C for 1 min. Breakage was typically 75%. 
Tubes were (hen spun in a microcentrifuge for 10 s at 5,000 x g at 4'C. 

With a very fine pipette tip, liquid was withdrawn from the beads and trans- 
ferred io a prechilled rJ-ml tube containing 7 ul of DNase I (0.5 .mg/rol; Cooper 
product no. 6330)-RNase A (0.25 mg/ml; Cooper pioduct no. 5679)-Mg (50 mM 
MgCK) mix. Typically 70 of liquid was recovered. The mixture was incubaied 
on ice for JO min to allow the RNase and DNase to work. 

Nest, 75 mI of 2 X dSDS (2X dSDS is 0.6% sodium dodecyl sulfate |SDSJ, 2% 
mercaptocthanol, and 0.) M Tris-HCI |pH 8J) was added. The tube was plunged 
into boiling water, incubaied for 1 min, and then plunged into ice. After cooling, 
the tube was ccntnTuged at <t e C for 3 min at U r 000 X g. The supernatant was 
transferred to ;i ficsb tube and frozen at -7tTC About 5 u.1 of this supernatant 
was used for each 2D gel. 

2D potyacrvlamidr pi Is. 2D gels were made and run as described elsewhere 
(6-8). 

Image analysis of the gels. The Quest JJ software system was used for quan- 
titative image analysis (20, 22). Two techniques wcie used lo collect quantitative 
dara lor analysis by Quest Jl sofrwaic. First, before (he advent of phospborim- 
agers, gels were dried and fluorographed. Each gel was exposed lo film for three 
dilleiem times (typically 1 day, 2 weeks, and 6 weeks) io increase the dynamic 
range of ihe data. The films were scanned along with catibialion snips to relate 
ftlrn optical density to disintegrations per minute in the 'gels and analyzed by the 
software to obtain a linear relationship berwecn disintegrations per minute in the 
spots and optical densities of the film images. The quanlitalivc data arc ex- 
pressed as pom pci million of the loial cellulai protein. This value is calculated 
from the disintegrations per minute of the sample loaded omo the gel and by 
comparing the film density of each data spot with density of the film over the 
calibration strips- of know,, radioactivity exposed to the same film. This yields the 
disintegrations per minute pet millimeter for each spoi on the gel and thence its 
patis-pei-minuie value. 

After the advent of phosphor imaging, gels bearing M S- labeled proteins were 
exposed to phosphoiimagcr screens and scanned by a Fuji phosphor imager, 
rypic ally foi two rapt Kmc:; per gel. Calibration suips of known radioactivity were 
exposed simultaneously. Scan data from ihr pliosphoi imager was assimilated by 
Quest II .soft ware, and quantitative data wcitr recorded fui'lhi- spoil on I he gels. 
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lvieasnremrrits of protein turnover. Cells in exponential phase were pulse- 
labeled with | j5 S)mcthionine ( eacess cold Met and Cys were added, and samples 
of equal volume were taken from the culture at intervals up to 90 min (in one 
experiment) or up to J 60 min (in a second experiment). Incorporation of 35 S into 
protein was essentially 100% by the first sample (JO min^ Extracts were made, 
and equal fractions of the samples were loaded on 2D gels (i.e., the different 
samples had different amounts of protein but equal amounts of M S). Spots were 
quantitated with a phosphorimaging and Quest software. 

The software was queried for spots whose radioactivity decreased through the 
time course. The algorithm examined all data points for all spots, drew a best-fit 
line through the data points, and looked for spots where this line had a statis- 
tically significant negative slope. In one of the experiments, there was one such 
spot. To the eye, this was a minor, unidentified spot seen onfv in the first two 
samples (10 and 20 min). In the other experiment, the Quest software found no 
spots meeting the criteria. Therefore, we concluded that none of the identified 
spots (and all but one of the visible spots) represented proteins with Ion* 
half-lives. ° 
Centrifugal fractionation. Cells were labeled, harvested, and broken with glass 
beads by the standard method described above except that no detergent (i e no 
deoxycholatc) was present in the lysis buffer. The crude lysate was cleared of 
. unbroken cells and large debris by centrifugation at 300 X g for 30 s. The 
supernatant of this centrifugation was then spun at 16,000 X g for 10 min to give 
the pellet used for Re. 6B. The supernatant of the 16,000 X g t JO-min spin was 
then spun at J 00,000 X g for 30 min to give the supernatant used for Fn>. 6A. 

Protein abundance calculations. A haploidyeasl cell contains about 4 X10~ 12 
g of protein (1, 15). Assuming a mean protein mass of 50 kDa, there aie about 
50 X 10* molecules of protein per cell. There are about 1.8 methionines per JO 
kDa of protem mass, which implies 4.5 X JO 8 molecules of methionine per cell 
(neglecting the small pool of free Met). We measured (i) the counts per minute 
in each spot on the 2D gels, (ii) the total number of counts on each gel (by 
integrating counts over the entire gel), and (iii) "the total number of counts 
loaded on the eel (by scintillation counting of the original sample). Thus, we 
know what fraction of the total incorporated radioactivity is present m each spot. 
After correcting for the methionine (and cysteine [see below)) content of each 
protem, we calculated an absolute number of protein molecules based on the 
fraction of radioactiviiy in each spot and on 50 x 10* total molecules per cell. 

The labeling mixture used contained about one-fifth as much radioactive 
cysteine as radioactive methionine. Therefore, the number of cysteine molecules 
per protem was also taken into account in calculating the number of molecules 
of protein, but Cys molecules were weighted one-fifth as heavilv as Mel mole- 
cules. 

niRNA abundance emulations. For estimation of roRNA abundance we used 
SAGE {scnal analysis of gene expression) data (27) and Artymetiix chip hybrid- 
ization data (29a ; 30). The mRNA column in Table 1 ..shows mRNA abundance 
calculated from SAGE data alone. However, the SACE data ci.mc from cells 
p owing in YEPD medium, whereas our protein measurements were from cells 
£ Tow in g , n YNB medium. In addirmn, SAGE data for tow- abundance mRNAs 
S n"i!lT 5,^,iMic;), «»aik>». Therefore, we also used chip hybridation data 
(29a ,0) for mRNA Irom cells grown in YNB. These hybridization data also had 
disadvantages. First, the amounts of high-abundance mRNAs were sysiemali- ■ 
calry underestimated, probably because of saturation in (he hybridizations which 
used JO M g nf cRNA. For example, the abundance of ADYU mRNA was 197 
copies per cell by SAGE but only 32 copies per cell by hvbridization, and the 
abundance of ENQ2 mRNA was 248 copies per cell by SAGE but only 4J by 
hybridization. When the amount of cRNA used in the hybridization was reduced 

£ Q^i^^ 1 ? m ° Un,S 0t mRNA WC,C Simi,: " 10 thc amt > u " ts Jelcrmined 
py SAGE {29a, *9b). Howev c ,, experiments using J ug of cRNA have been done 

* "° m f. fiCn " (29a} - BeC31U$C amoun,s of mRNA »*" normalized to 
15,000 per cell, and because the amounts of abundant mRNAs xverc underesti- 
mated, there is a 2.2-lold overestimate of. thc abundance of nonabundam 
mRNAs. We calculated this factor of 72 by adding together the number of 
mKNA molecules from a large number of genes expicssed at a low level lor both 
- SAGE data and hybiidizarion data. The sum for rhe same fenes from hybrid- 
ization data rs 2.2- (old grcaier than (hat from SAGE data. 

To lake into account these difficulties, we compiled a list ot "adjusied" mRNA 
abundance as follows. Km all high-abundance mRNAs ol our identified proteins 
. we used SAGE .Jala. For nil ol these particular mRNAs, chip hybridization 
suggested that mRNA abundance was the same in YEPD and YNB media Kor 
mcdmnr-abundunrc mRNAs. SAGE data w c ,e used, but when hybridisation 
data showed a significant diflerence between YEPD and YNB, then thc SAGE 
data nee addled by the appropriate factor. Finally, toi lo»- abundance 
™RNAs, wt used data Com chip hybridizations from YNB medium but divided 
by 2.2 to normals to the SAGE results. These calculations w Cie completed 
without reference lo protein abundance. 

i ?u' ^vn^ 0 "^? r3,i ° n ind " (OU > wa * rakcn f,om ,he P'otcome 
database O PD) (13), (or which calculations were made according to Sharp and 

B " rf1 - V ' ,hc irujp * '»« : ' iflcmice set 0( hhthlv expressed ernes to a^i K n 
a value to each codon. and .hen a score to. a gene is calculated horn the 
firquency ol use ot the various codon* in that gene (M). 

SlatiMi^l analysis. Thc .IMP program was used wi,h ihe aid ol T Tullv 1 he 
JMP program jhowrd ihjl ncslhci mRNA nr.j pmicin -..hundanccs »eie n.n 
mally d*.,.b..irii: ihru-to.e, Speanr.an rank co.icbiio,. coetlWicrMs (, ) „,.„. 



calculated. The mRNA (adjusted and unadjusted) and protein, data were also 
transformed so thai Pearson product-moment correlation coefficients (r ) could 
be calculated. First, this was done by a Box-Cox transformation of log-trans- 
formed data. This transformation produced normal distributions, and an r of 
0.76 was achieved. However, because the Box-Cox transformation is compleotf we 
also did a simpler Jogariihmic transformation. This produced a normal distribu- 
tion for the protein data. However, the distribution for the mRNA and adjusted 
mRNA data was close to, but not quite, normal. Nevertheless, we calculated the 
r p and found that it was 0.76, identical to the coefficient from the Box-Cox 
transformed data. We therefore believe that this correlation coefficient is not 
misleading, despite the fact that the log(mRNA) distribution is not quite normal 
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Visualization of J ,400 spots on three gel systems. Yeas! 
proteins have isoelectric points ranging from 3.1 to 12.8, and 
masses ranging from Jess than 10 kDa lo 470 kDa. It is difficult 
to examine all proteins on a single kind of gel, because a gel 
vyilh the needed range in pj and mass would give poor resolu- 
tion of Ihe thousands of spols in Ihe central region of the gel. 
Therefore, we have used three gel systems: (i) pH "4 lo 8 W with 
10% polyacrylamide; (ii) pH "3 to 10" wilh 10% poryacrvl- 
amide; and (iii) nonequilibrium with 15% polyacrylamide (7, 
8). Each gel system allows good resolution of a subset of yeast 
proteins. 

Figure 1 shows a pH 4-8, 10% polyacrylamide gel. The pH 
at the basic end of the isoelectric focusing gel cannot be main- 
lained throughout focusing, and so the proleins resolved on 
such gels have isoelectric points between pH A and pH 6 7 For 
these pH 4-8 gels, we see 600 lo 900 spots on Ihe best gels after 
multiple exposures. 

The pH 3-10gels (not shown) extend Ihe pi range somewhat 
beyond pH 7.5, allowing detection of several hundred addi- 
tional spots. Finally, we use nonequilibrium gels with 15% 
acrylamide in the second dimension. These allow visualization 
of about 100 very basic proteins and about 170 smaJJ proteins 
(less than 20 kDa). In lolal, using all three gel systems, about 
3,400 spots can be seen. These represent about 3,200 different 
proteins, which is about one- quarter to one-third of the pro- 
teins expressed under these conditions (27/30). Here, we focus 
on the proleins seen on the pH 4-8 gels. 

Although nearly all expressed proteins are present on Ihese 
gels, ihe number seen is limited by a problem we call coverage. 
Since there are thousands of proteins on each gel, many pro- 
leins comigrate or nearly comigrate. When two proteins are 
resolved, but are close together, and one protein spot is much 
more intense than the other, a problem arises in visualizing the 
weaker spot; at long exposures when ihe weak signal is strong 
enough for detection, the signal from ihe strong spot spreads 
and covers the signal from the weaker spot. Thus, weak spots 
can be seen only when they arc well separated from strong 
spots. 

For a given gel, the number of detectable spots initially rises 
with exposure time. However, beyond an optimal exposure, the 
number of distinguishable spots begins 10 decrease, because 
signals from strong spois cover signals from nearby weak spots. 
At Jong exposures, the whole auloradiogram turns black. Thus, 
there is an optimum exposure yielding the maximum number 
of spots, and at this exposure the weakest spots are not seen. 

Largely because of ihe problem of coverage, Ihe proteins 
seen are strongly biased toward abundant proteins. All identi- 
fied proteins have a CA1 of 0.18 or more, and we have iden- 
tified no transcription factors or protein kinases, which "arc 
nonabundam proteins. Thus, this technology is useful for ex- 
amining protein synthesis, amino acid metabolism., and glyco- 
lysis but not for examining transcription. ON A replication. Or 
Ihe ceil cycle. 
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Spot identification. The identification of various spots has 
been described elsewhere (7, 8), At present, J 69 different spots 
representing 148 proteins have been identified. Many of these 
spots have been independently identified (2, 10, 23, 25). The 
main methods used in spot identification have been analysis of 
amino acid composition, gene overexpression, peptide se- 
quencing, and mass spectrometry. 

Pulse-chase experiments and protein turnover. Pulse-chase 
experiments were done to measure protein half-lives (Materi- 
als and Methods). Cells were labeled with ( 35 S]methiomne for 
3 0 min. and then an excess of unlabeled methionine was added. 
Samples were taken at 0, 10, 20, 30, 6G\ and 90 min after the 
beginning of the chase. Equal amounts of 35 S were loaded from 
each sample; 2D gels were run, and spots were quantitated. 
Surprisingly, almost every spot was nearly constant in amount 
of radioactivity over the entire time course (not shown). A few 
spots shifted from one position to another because of post- 
translational modifications (e.g., phosphorylation of RpaO and 
Elb]). Thus, the proteins being visualized are all or nearly all 
very stable proteins, with half-lives of more than 90 min. Gygi 
et al. (10) have come to a similar conclusion by using the N-end 
rule to predict protein half-Jives. This result does not imply 
that all yeast proteins are stable. The proteins being visualized 
are abundant proteins; this is partly because they are stable 
proteins. 

Protein mrantitalion. Because all of the proteins seen had 
effectively the same half-life, the abundance of each protein 
was directly proportional to the amount of radioactivity incor- 
porated during labeling. Thus, after taking into account the 
total number of protein molecules per cell, the average content 
of methionine and cysteine,, and the methionine and cysteine 
content of each identified protein, we could calculate the abun- 
dance of each identified protein (Tables 1 and 2; Materials and 
Methods). About 1,000 unidentified proteins were also quan- 
tified, assuming an average content of Met and.Cys. 

Many proteins give multiple spots (7, 8). The contribution 
from each spot was summed to give the total protein amount. 
However, many proteins probably have minor spots that we are 
not aware of, causing the amount of protein to be underesti- 
mated. 

When the proteins on a pH 4-8 gel were ordered by abun- 
dance, the most abundant protein had 8,904 ppm, the 10th 
most abundant had 2,842 ppm, the 100th most abundant had 
314 ppm, the 500th most abundant had 57 ppm, and the 
1,000th most abundant (visualized al greater Iban'optimum 
exposure) had 23 ppm. Thus : there is more than a 300-fold 
range in abundance among the visualized proteins. The most 
abundant JO proieins account for about 25% of the total pro- 
tein on i he pH 4-8 gel, the most abundant 60 proteins account 
for 50%, and the most abundant 500 proteins account for S0% 
Since it seems likely that the.pH 4-8 gels give a representative 
sampling of all proteins; we estimate that half of the total 
cellular protein is accounted for by fewer than 100 different 
gene products, principally glycolytic enzymes and proteins in- 
volved in protein synthesis. 

Correlation of protein abundance with mRNA abundance. 
Estimates of mRNA abundance for each gene have been made 
by SAGE (27) and by hybridization of cRNA to oligonucleo- 
tide arrays (30). These two methods give broadly similar re- 
sults, yet each method has strengths and weaknesses (Materials 
and Methods). Table J li.sis the number of molecules of mRNA 
per cell for each gene studied. One measurement (mRNA) 
uses data from SAGE analysis alone (27); a second incorpo- 
rates data from both SAGE and hybridization (30) (adjusted 
mRNA) (Table j; Materials and Methods). We correlated 
piotciri abundance wiih mRNA abundance (Fig, 2). "for ad- 



justed mRNA versus protein, the Spearman rank correlation 
coefficient, r„ was 0.74 (P < 0.0001), and the Pearson corre- 
lation coefficient, r p , on log transformed data (Materials and 
Methods) was 0.76 (P < 0.00001). We obtained similar corre- 
lations for mRNA versus protein and also for other data trans- 
formations (Materials and Methods). Thus, several statistical 
methods show a strong and significant correlation between 
mRNA abundance and protein abundance. Of course, the cor- 
relation is far from perfect; for mRNAs of a given abundance, 
there is at least a 10-fold range of protein abundance (Fig. 2). 
Some of this scatter is probably due to post transcriptional 
regulation, and some is due to errors in the mRNA or protein 
data. For example, the protein Yef3 rims poorly on our gels, 
giving multiple smeared spots. Its abundance has probably 
been underestimated, partly explaining the low protein/mRNA 
ratio of Yef3. It is the most extreme outlier in Fig. 2. 

These data on mRNA (27, 30) and protein abundance (Ta- 
ble 1) suggest that for each mRNA molecule, there are on 
average 4,000 molecules of the cognate protein. For instance, 
for Actl (actin) there are about 54 molecules of mRNA per 
cell and about 205,000 molecules of protein. Assuming an 
mRNA half-life of 30 min (12) and a ceil doubling time of 120. 
min, this suggests that an individual molecule of mRNA might 
be translated roughly 1,000 limes. These calculations are lim- 
ited to mRNAs for abundant proteins, which are likely to be 
the mRNAs that are translated best. 

A full complement of cell protein is synthesized in about 120 
min under these conditions. Thus, 4,000 molecules of protein 
per molecule of mRNA implies that translation initiates on an 
mRNA about once every. 2 s. This is a remarkably. high rate; it 
implies that if an average mRNA bears 10 ribosomes engaged 
in translation, then each ribosome completes translation in 
20 s; if an average protein has 450 residues; this in turn implies 
translation of over 20 amino acids per s, a rale considerably 
higher than estimated for mammalians (3 to 8 amino acids per 
s) (18). These estimates depend on the amount of mRNA per 
cell. (11, 27); 

The large number of protein molecules that can be made 
from a single mRNA raises the issue of how abundance is 
controlled for Jess abundant proteins. Many non abundant pro- 
teins may be unstable, and this would reduce the protein/ 
mRNA ratio. In addition, many nonabundant proteins may be 
translated at suboptimal rates. We have found that mRNAs for 
nonabundant proteins usually have suboptimal contexts for 
translalional initiation. For example, there arc over 600 yeast 
genes which probably have short open reading frames in the 
mRNA upstream of the main open reading frame (17a). These 
may be devices for reducing the amount of protein made from 
a molecule of mRNA. 

Correlation of codon bias with protein abundance. The 
mRNAs for highly expressed proteins preferentially use some 
codons rather than others specifying the same amino acid (14). 
This preference is called codon bias. The codons preferred are 
those for which the tRNAs are present in the greatest amounts. 
Use of these codons may make translation faster or more 
efficient and may decrease misincorporntion. These effects are 
most important for the cell for abundant proteins, and so 
codon bias is most extreme for abundant proteins. The effect 
can be dramatic— highly biased mRNAs may use only 25 of the 
61 codons. 

We asked whether the correlation of codon bias with abun- 
dance continues for medium- abundance proteins. There are 
various mathematical expressions quantifying codon bias; here, 
we have used the CAJ (24) (Materials and Methods) because 
H gives a result between 0 and I. The for CA1 versus protein 
abundance is 0.S0 [P < 0.0001), similar to the mRNA-protein 
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PycJ 
TaH 
Tdh2 
Tdh3 
Tpil 

. Efbl 
Eftl,2 
Prtl 
RpaO 
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TABLE 2. Functions of proteins listed in Table 1 



YPD title lines* 



Adh) 
Adh2 
Cit2 
EnoJ 
Eno2 
Fbal 
Hxkl 
Tl*k2 
Icll 
■ Pdbl 
Pdc) 
Pfkl 

Pyd 
Tall 
Tdh2 
Tdh3 
.-• TpiJ 

Efbl 
EfU 
Efi2 
PiU 

RpaO (KPPO) 

Tifl 

Tif2 

Yef3 

Hsc82 
Hsp6U 
Hsp32 
HspltM 

Kar2 

SsaJ 
Ssa2 • 
Ssbl 
Ssb2 
Sscl 

SscJ 
Siil 

Adel 

Ade3 

Ade5,7 

An;4 

Gdh) 

Gin) 

His4 . 

Lys9 . 
. Mci6 

Pro2 
SerJ 
T;p5 

AcU 

AdkJ 

Ald6 

Aip2 

Bn»h] 

Bmh2 

Cdc48 

Cdr60 

Eri;20 

Gpp] (Rhr?) 

Gspl 
lppl 
l.cbl 

Moll (Thi4) 
Pab) 

Psal 
Hni4 
SamI 
Sam2 
Sod J 
Ubal 

VKL056 
Y1.RI09 (Ahpl) 
YMRJJ6 (AscJ) 



Alcohol dehydrogenase 1; cytoplasmic isozyme reducing acelaldehyde lo ethanol, regenerating NAD* 
Alcohol dehydrogenase II; oxidizes ethanol to acelaldehyde, glucose repressed * ° 
Citrate synthase, peroxisomal (nonmitocbondrial); converts acelyJ-CoA and oxaloacetate to citrate plus CoA . 
EnoJase J (2-phosphoglycerate dehydratase); converts 2-pl.ospho-J>gJycerate lo phosphoenolpyruvate in glycolysis 
Enolase 2 :< 2- phospbogly cerate dehydratase); converts 2-phospho-D-grycerale lo phosphoenolpyruvate in glycolysis 
Fructose Diphosphate aldolase II- sixth step m glycolysis . . . 

Hexokinase I; converts hexoses lo hexose phosphates in glycolysis; repressed by glucose 

Hexokinase II; converts hexoses to hexose phosphates in grycorysis and plays a regulatory role in glucose repression 
Isocitrale lyase peroxisomal; cames out part of the gtyoxylate cycle; required for glucon'eogenesis 
Pyruvate dehydrogenase complex, El beta subunit 
Pyruvate decarboxylase isozyme 1 

PhmphofrucioJdnase alpha subunit, part of a complex with Pflt2p which carries out a key regulatory step in glycolysis 
Glucose-6-pbosphate isomerase, converts ghicose-6-phosphale lo fructose- 6-phosphate 
Pyruvate carboxylase 1: converts pyruvate lo oxaloacetate for gluconeogenics 
Transaldolase; component of nonoxidalive pari of pentose phosphate pathway 

Gjyceraldehyde-3 phosphate dehydrogenase 2; converts t>giycer aldehyde 3-phosphale lo j^-tlephosphogrycerate 
Glyceraldehyde-3 : phosphate dehydrogenase 3; converts r>£lycejaldebyde 3-phosphate to 1,3 dejhospholrycerate 
Triphosphate isomerase; inlerconverts gfyceraIdehyde-3- phosphate and dihydroxyacetone phosphate 

Translation elongation factor EF-lp; GDP/GTP exchange factor for Teflp/TeRp 

Translation elongation factor EF-2; contains diphlhamide which is not essential for activity- identical lo Efl2n 
Trans anon elongahon factor EF-2; contains diphlhamide which is not essential for activity- identical lo EflJo 
Translation initiation factor eIF3 beta subunit (p90); has an RNA recognition domain 
Acidic rtbosomal protein AO 

Translation initiation factor 4A (elF4A) of the DEAD box family 
Translation initiation factor 4A (eIF<IA) of the DEAD box family 
Translation elongation factor EF-3A; member of ATP-binding cassette superfamily 

Chaperonin homologous to E colt HtpG and mammalian HSPDO 

Mitochondrial chaperonin that cooperates with HspJOp; homolog of K coti GroEL 

Heal-mduoble chaperonin homologous to£ coli HtpG and mammalian HSP90 

He £[P$n inJOCed ' hCrn,0rO,eianCC 3nd fw Ics o^ilizing aggregates of denatured proteins; important for |psr> 

"^dloTnffiafful^ reqUired fm Pr0,ei " ,ranSlOCMi °" ~« ' hC C "^ b5mic ' C,icU,Um 

Cytoplasmic chape i one; heat shock protein of the HSTIO family 

Cytoplasmic chaper one; member of the HSP70 family 

Heal shock protein of HSP70 family involved in the translation! apparatus 

Heal shock protein of HSP70 family, cytoplasmic * 

"wjSiffi SS^tjffiMSEtf* J,m44p m " ' Ch3p "° nin in '«< Mn S *"<> «•«»• °' P'0-ein chains 
Heal shock pro.™, of ihe HSP70 faroiljr, mul.kopjr supp.cssor of mutants 'wilh hvpt.aclivalcd Ras/cvclic AMP pathway 
Sl,e»-.nduccd proton .c<,»„tj for optroal gtowlh al high and low lempe,a.„ r c;ha S leUalricODepfide/cplais P * 

ti^^^^^^z^ star*" ,he seven,h s,ep in * nwo ^ bi ^ n,h " is ^ 

A^ncS^^ P-in • 

Glutamic dehydrogenase (NADP 4 ); combines ammonia and a-ketoglutanite lo form lilutamule 
Orutnmme synthetase; combines ammonia lo glntamnte in ATP-drivcn reaction 

hTb^jSe^^ ppopbosphohydrolase/histidinol dehydrogenase; 2nd, 3rd, and 10th steps of 

KC ^tw^^ 3Cid n*™*™™™) ( a »pha-ke t o-p-hyd,oxylao<l) redact oisomerase); second step in Val ' 

Saccharopine dehydrogenase (NADP*, »,-glutam : .le forming) (saccbaropihe reductase), seventh Step in lysine biosvnthesis pathway 



cobafjmin independent 

T-Gluiamyl phosphate reductase (phosphoglutamate dehydrogenase), proline biosyrttheiic en?vme 
rhosphosenne transaminase; mvofved in synthesis of serine from 3-phospbop|ycerale 
Tryptophan synthase, last (5lh) step in tryptophan bios>*nthesis pathway 

Actin; involved in cell polarization, endocyiosis, and other cvtoskeleial functions 
Adenylate kinase (G l P:AMP phosphotransferase), cytoplasmic 
Cylosohc acelaldehyde dehydrogenase 

Beta subunit of Fl-ATP synthase; 3 copies are found in each Fl oligomer 
Homolog of mammalian 14-3-3 protein; has sliong similarity to Bmh2p 
Homolog of mammalian 14-3-3 protein; has strong similarity to BmhJp 

lISrN^^m" o'-ATPases: requiied for cell division and homotypic membrane fusion 
LeuoJ-tj<NA synihelasc, cytoplasmic 

Fame.sy( pvrophosphaic Aynihefase; may be rate-limiting step in sterol bios>nlbe&is pathway 
Du-Ghxerol pho.sphate phosphatase K 7 

Ran, a GTP-bimhng p.otein of the Ras Mrperfamity involved in trafficking through nuclea, pores 
Inorganic pviophoyphatase. cytoplasmic £ P 

Component of serine C ^lmhoyltransferase; first step in biosynthesis of long-chain ba.e component of sphingoids 
rhwrnine-icpressf d proton essential (or growth in the absence ol thiamine P spnmgoJip.ds 

.^ilSttS" °' Cy, " Pl ™ n n0dCMS: P:Ui °' ' bC 3 '- enJ RNA.,H. w »i»8 complex (deavage factor I); ha, 4 RNA 
Man nose- J ■ phosphate guanyltransferase; CDP-mannose pyrophosphon-laie 
Ribonucleoiide reductase small subunit 
5-Adenosylmethionine synlhelase T 
5-Adenosylmcthioiiine synthetase 2 
Copper-zinc supeioxidc ilismutnse 
UhMjuirin-nctivating (El) enzyme 

Rescinbl^ iranslationally contiolled tumor protein of animat celb and higher plants 
A Ik) I hydroperoxide leduriase 

Abundant protein with t -fleets on lr:.nslaiion a ) efficiency and cell si7e, has two WD (WD-40) repeats 
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FIG. 2. Correlation of prole in abundance with adjusted mRNA abundance. 
The number of molecules per cell of each protein is plotted against the number 
of molecules peT cell of the cognate mRNA, with an r p of .0.76. Note rhc 
logarithmic axes. Data for mRNA were taken from references 27 and 30 and 
combined as described in Materials and Methods. • 



correlation, confirming a strong correlation between CA1 and 
protein abundance (Fig. 3). The relationship between CAl and 
protein abundance is Jog linear from about 1,000,000 to about 
30,000 molecules per cell. We have no data for rarer proteins. 

It is not clear whether CAJ reflects. maximum or average 
levels of protein expression. The proteins used for the CA3- 
protein . correlation included some proteins which were not 
expressed at maximum levels under the condition of the ex- 
periment (Hsc82, Hspl04, Ssal, Add, Arg4, His4, and others). 
When these proteins were removed from consideration and 
the correlation between CAl and the remaining (presumably 
constitutive) proteins was recalculated, the r s was essentially 
unchanged (not shown). 

The equation describing the graph in Fig. 3 is log (protein 
molecules/cell) = (2.3 X CA)) + 3.7. Thus, under certain 
conditions (a CA) of 0.3 or greater; a constitutively expressed 
gene), a very rough estimate of protein abundance can be 
made by raising 30 to the power of [(2.3 X CAl) + 3.7). 

The distribution of CA) over the genome (Fig. 4) consists of 
a lower, bell-shaped distribution, possibly indicating a region 
where there is no selection for codon bias, and an upper, flat 
distribution, starting at a CAJ of about 0.3, possibly indicating 
a region where (here is selection for codon bias. Almost all of 
the proteins whose abundance we have measured are in the 
upper, flat portion of the distribution. Jn the lower, beJJ-shaped 
region, we do not know whether there is a correlation between 
CAl and protein abundance. 

Changes in protein abundance in glucose and ethanoK A 
comparison of cells grown in glucose (Fig. 1 A) with cells grown 
in ethanol (Fig. IB) is shown in Table 1. As is well known, 
some proteins ate induced tremendously during growth on 
ethanol. Two striking examples are the peroxisomal enzymes 
Jell (isocitratc lyase) and Cit2 (citrate synthase), which are 
induced in ethanol by more than 100- and 12- fold, respectively 
(Fig. 3; Table J). These enzymes are key components of the 
glyoxylale shunt, which diverts some acetyl coenzyme A 
(aretyJ-CoA) fiom the tricarboxylic acid cycle lo glnconeogen- 
esis. S. cerevisiac requires large amounts of carbohydrate fcTr its 
cell wall; in ethanol medium, this carbohydrate comes from 
gluconeogenesis, which -depends on the glyoxylale shnut and 
on. the glycolytic pathway running in reveisc'. The need for 



gluconeogenesis also explains why glycolytic enzymes are 
abundant even in ethanol medium. Thus, 2D gel analysis shows 
the prominence of the glycolytic and glyoxylale shunt enzymes 
, in cells grown on ethanol, emphasizing that gluconeogenesis, 
presumably largely for production of the cell wall, is a major 
metabolic activity under these conditions. 

During gluconeogenesis, substrate-product relationships are . 
reversed for the glycolytic enzymes. One might expect that not 
all glycolytic enzymes would be well adapted to the reverse 
reaction. Indeed, 2D gels show that in ethanol, Adh2 (alcohol 
dehydrogenase 2) is strongly induced (16), while its isozyme 
Adhl is not greatly affected. Adhl and Adh2 each interconvert 
acetaldehyde and ethanol. Adhl has a relatively high K m for 
ethanol (17 mlvj), while Adh2 has a lower K m (0.8 mM) '(5). 
Thus, it is thought that Adhl is specialized for glycolysis (ac- 
etaldehyde to ethanol), while Adb2 is specialized for respira- 
tion (ethanol to acetaldehyde) (5, 29). Similarly, Enol (enolase 
1) is induced in ethanol, while its isozyme Eno2 (enolase 2) 
decreases in abundance (Table 1) (4, 39). Enol is inhibited by . 
. 2-phosphogrycerate (the glycolytic substrate), while Eno2 is 
inhibited by phosphoenolpyruvate (the gluconeogenic sub- 
strate) (4). Perhaps Enol has a lower K m for phosphoenol- 
pyruvate than does Eno2, though to our knowledge this has not 
been tested. Thus, the 2D gels distinguish isozymes specialized 
for growth on glucose (A6h} and Eno2) from isozymes spe- 
cialized for ethanol (Adh2 and Eno3). 

Many heat shock proteins (e.g., Hsp60, Hsp82, Hsp304, and 
Kar2) were about twofold more abundant in ethanol medium 
than in glucose medium. Tin's is consistent with the increased 
beat resistance of cells grown in ethanol (3). 

Enzymes involved in protein synthesis (Eft 3, RpaO, and Tif3) 
were about twice as abundant in glucose medium as in ethanol 
medium. This may reflect the higher growth rate of the cells in 
glucose; 

Phosphorylation of proteins. To examine protein phosphor- 
ylation, we labeled cells with 32 P and ran 2D gels to examine 
phosphoproleins. About 300 distinct spots, probably represent- 
ing 150 to 200 proteins, coujd be seen on pH 4-8 gels (Fig. 5B). 
We then aligned auloradiograms of three gels, each with a . 
different kind of labeled protein ( 32 P only (Fig. 5B], 32 P plus 
35 S {Fig. 5 A), and 35 S only [not shown, but see Fig. 3 for . 
example J). In this way, we made provisional identification of 
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FIG. 4. Distribution of CAI over ihc whole genome, shown in intervals of 0.030 (i.e., iherc arc 150 genes wiih a CAI between 0.000 and 0030 inclusive* 3] genes 
wiih a CAI between 0.031 and 0.060; 269 genes with a CAI beiween 0.061 and 0.090; 1,296 genes with a CAI between 0.091 and 0.120- etc) The distribution peaks 
with 2,028 genes wiih a CAI between 0.121 and 0.150. 



some of (he 32 P-labeJed spots as particular 35 S-Jabeled spots. 
All such identifications are somewhat uncertain, since precise , 
alignments are difficult, and of course multiple spots may ex- 
actly comigrate. Nevertheless,, we believe that most of the 
provisional identifications are probably correct. Among the 
major 32 P- labeled proteins are the bexokinases Hxkl and 
Hxk2. the acidic ribosome-associated protein KpaO, the trans- 
lation factors Yef3 and EfbJ, and probably Hsp70 heat shock 
proteins of the Ssa and Ssb families. RpaO and Efbl are quan- 
titatively monophosphorylated. 

Many yeast proteins resolve into multiple spots on these 2D 
gels (7). Yef3 has live or more spots, at least four of which 
comigrate with 32 P. Tpil has a major spot showing no 32 P 
labeling and a minor, more acidic spot which overlaps with 
some 32 P label. Tifl has at least seven spots (7); two of these 
overlap with some ?7 F label., but five do not (Fig. 5). Eftl has 
at least three spots (7), and none of these overlap with 32 P, 
although there are three nearby, unidentified 32 P-)abeJed spots 
(a, c, and d in Fig. 5). Spots that seem to be extra forms of 
Mel 6, PdcJ, Eno2, and Fba] can be seen in Fig. 6 A, but there 
is little 32 P at these positions in Fig. 5. Thus, phosphorylation 
explains some but not all of the different protein isoforms seen. 

The cell cycle is regulated in part by phosphorylation. We 
compared 32 P-Iabeled proteins from cells synchronized in G, 
wiih o-factor, in cells synchronized in G T by depletion of G } 
cyelins, and in cells synchronized in M phase with nocodazole. 
Only very minor differences were seen, and ihese were diOicult 
to reproduce. The cell cycle proteins regulated by phosphory- 
lation may not be abundant enough for this technique to be 
applied easily. 

Centrifugal Trod i emotion. We fractionated 3 'S- labeled ex- 
tracts by centrifugation (Materials and Methods). Figure f>A 
shows the proteins in the supernatant of a high speed 
(100,000 X g. 30 min) centrifugal ion, while Fig. 6B shows the 
proteins in the pellet of a low-speed (16.000 x i> r 10 m in) 
centrifugaiion. Many proteins are tremendously enriched in 
one h action or the other, while others ate present in both. 



Most glycolytic enzymes (e.g.,.Tdh2, Tdh3, Eno2, Pdcl, Adhl, 
and Fbal) are enriched in the supernatant fraction. The only 
exception is Pfkl (not indicated), which is found in both pellet 
and supernatant fractions. Many proteins involved in protein 
synthesis (Eftl, Yef3, Prll, Tifl, and KpaO) are in the pellet, 
possibly because of the association of ribosomes with the en- 
doplasmic reticulum. However, Efbl is in the supernatant, as is 
a substantial portion of the Eft]. Perhaps surprisingly, several 
mitochondrial proteins (Atp2 |not shown) and Jlv5) are largely 
in the supernatant. Perhaps glass bead breakage of cells re- 
leases mitochondrial proteins. The nuclear protein GspJ is in 
the pellet fraction. The enrichment produced by centrifugation 
makes it possible to see minor spots which are otherwise poorly 
resolved from surrounding proteins. Figure 6B shows that the 
previously identified Tifl spot is surrounded by as many as six 
other spots that cofractionate. We observed six identical or 
very similar additional spots when we overexpressed Tifl from 
a high-copy-number pJasmid (not shown). Signal overlaps only 
one or two of these spots in 32 P- labeling experiments (Fig. 5), 
and so the different forms are not mainly due to different 
phosphorylation slates. 

DISCUSSION 

Our experience with developing a 2D gel protein database 
for S. ccrev'L'siae is summarized here. With current technology, 
we can see the most abundant 1,200 proteins, which is about 
one- third to one- quarter of the proteins expressed. The re- 
maining proteins will be difficult to see and study with the 
methods that we have used, not because of a lack of sensitivity 
but because weak spots are covered by nearby strong spots. 

Of the J, 200 proteins seen, we have identified 348, with a 
bias toward the most abundant proteins. Steady application of 
the methods already used would allow identification of most of 
the remaining proteins. Gene overexpression will be particu- 
larly useful, since it is not affected by the lower abundance of 
Ihc remaining visible proteins. 
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2D geJs of the kind that we have used are not suitable for 
visualization of rare proteins. However it will be possible to 
study on a global basis metabolic processes involving relatively 
abundant proteins, such as protein synthesis, glycolysis, glu* 
coneogenesis, amino acid synthesis, cell wall synthesis, nucle- 
otide synthesis, lipid metabolism, and the heat shock response. 

Gygi et al. (10) have recently completed a study similar to 
ours. Despite generating broadly similar data, Gygi et al. 
reached markedly different conclusions. We believe that both 
mRNA abundance and codon bias are useful predictors of 
protein abundance. However, Gygi et al. feel that mRNA 
abundance is a poor predictor of protein abundance and that 
"codon bias is not a predictor of either protein or mRNA 
levels" (10). These different conclusions are partly a matter of 
viewpoint. Gygi et al. focus on the fact that t lie correlations of 
mRNA and codon bias with protein abundance are far from 
perfect, while we focus on the fact that, considering the wide 
range of mRNA and protein abundance and the undoubted 
presence of other mechanisms affecting protein abundance, 
the correlations are quite good. 

However, the different conclusions are also partly due to 
different methods of statistical analysis and 1Q real differences 
in data. With respect to statistics, Gygi et al. used the Pearson 
product-moment correlation coefficient (r p ) to measure the 
covariance of mRNA and protein abundance. Depending on 
the subset of data included, their r p values ranged from 0.1 to 
0.94. Because of the low r p values with some subsets of the 
data, Gygi et al. concluded that the correlation of mRNA to 
protein was poor. However, the r p correlation is a parametric 
statistic and so requires variates following a bivariate normal 
distribution; that is, it would be valid only if both mRNA and 
protein abundances were normally distributed. In fact, both 
distributions are very far from normal (data not shown), and so 
a calculation of r p is inappropriate. There was no statistical 
backing for the assertion that codon bias fails lo predict pro- 
tein abundance. 

We have taken two statistical approaches. First, we have 
used the Spearman rank correlation coefficient (r,). Since this 
statistic is nonparametric. there is no requirement for the data 
to be normally distributed. Using the r Jt we find that mRNA 
abundance is well, correlated with protein abundance (r s ~ 
0.74), and the CA1 is also well correlated with protein abun- 
dance (r s = 0.80) (and also with mRNA abundance [data not 
shown]). For the data of Gygi et al. (10), we obtained similar 
results, though with their data the correlation is not as good; r, 
= 0.59 for the mRNA-to-protein correlation, and r s = 0.59 for 
the codon bias-to-protein correlation. 

In a second approach, we transformed the mRNA and pro- 
tein data to forms where they were normally distributed, lo 
allow calculation of an r p (Materials and Methods). Two trans- 
formations, Box Cox and logarithmic, were used; both gave 
good correlations with our data (e.g., r p = 0.76 for Ibg(adjusted 
RNA) to log(protein)). Wc were not able to transform the data 
of Gygi et al. lo a normal distribution. 

Finally, there are also some differences in data between the 
two studies. These may be partly due to the different measure- 
ment techniques used: Gygi el al. measured protein abundance 
by cutting spots out of gels and measuring the radioactivity in 
each spot by scintillation counting, whereas we used phospho- 
rimaging of intact geJs coupled to image analysis. We com- 
pared our data to theirs for the proieins common between the 
studies (but excluding proteins whose mRNAs are known lo 
differ between rich and minimal media, and excluding Tif'l, 
which was anomalous in differing bv J 00- fold between the two 
data sets). The /; between the two protein data sets w;i.s (J. 88 
(P < 0.000 1). Although this is a strong correlation, the fact that 



it is less than 1.0 suggests that there may have been errors in 
measuring protein abundance in one or both studies. After 
normalizing the two data sets to assume . the same amount of 
protein per cell, we found a systematic tendency for the protein 
abundance data.of Gygi et a J. to be slightly higher than ours for 
the highest-abundance proteins and also for the lowest-abun- 
dance proteins but slightly lower than ours for the middle- 
abundance proteins. These systematic differences suggest some 
systematic errors in protein measurement. Although we do. not 
know what the errors are, we suggest the following as a rea^. 
son able speculation. For the high est -abundance proteins, we 
may have underestimated the amount of protein because of a 
slightly nonlinear response of the phosphorimager screens. For 
the lowest-abundance proteins, Gygi et al. may have overesti- 
mated the amount of protein because of difficulties in accu- 
rately cutting very small spots out of the gel and because of 
difficulties in background subtraction for these small, weak 
spots. The difference in the middle abundance proteins may be 
a consequence of normalization, given the two errors above. 

The low-abundance proteins in the data set of Gygi et al. 
have a poor correlation with mRNA abundance. We calculate 
that the r s is 0.74 for the lop 54 proteins of Gygi el a J. but only 
0.22 for the bottom 53 proteins, a statistically significant dif- 
ference. However, with our data set, the r s is 0.62 for the top 33 
proteins and 0.56 (not significantly different) for the bottom 33 
proteins (which are comparable in abundance to the bottom 
53 proteins of Gygi et al.). Thus, our data set maintains a good 
correlation between mRNA and protein abundance even a I 
low protein abundance. This is consistent with our speculation 
that protein quantification by phosphorimaging and image 
analysis may be more accurate for small, weak spots than is 
cutting out spots followed by scintillation counting. Our rela- 
tively good correlations even for nonabundant proteins may 
also reflect the fact that we used both SAGE data and RNA 
hybridization data, which is most helpful for the least abundant 
mRNAs. In summary, we. feel that the poor correlation of 
protein to mRNA for the nonabundant proteins of Gygi et al. 
may reflect difficulty in accurately measuring these nonabun- 
dant proieins and mRNAs. rather than indicating a truly poor 
correlation in vivo. It is not surprising that observed correla- 
tions would be poorer with less-abundant proteins and 
mRNAs, simply because the accuracy of measurement would 
be worse. 

How well can mRNA abundance predict protein abun- 
dance? With r p = 0.76 for logarithmically transformed mRNA 
and protein data, the coefficient of determination, (r p ) 7 t is 0.58. 
This means that moje than half (in log space) of the variation 
in protein abundance is explained by variation in mRNA abun- 
dance. When converted back lo arithmetic values, protein 
abundances vary over about 200- fold (Table 1), and (r p ) 2 = 
0.58 for the log data means that of this 200- fold variation, 
about 20- fold is explained by variation in the abundance of 
mRNA and about 10- fold is unexplained (but could be due 
pa j fly to measurement errors). For proteins much less abun- 
dant than those considered here, we imagine the in vivo cor- 
relation between mRNA and protein abundance will be worse, 
and other regulatory mechanisms such as protein turnover will 
be more important. 

Some important conclusions can be drawn from this sam- 
pling of the protcome. First, there is an enormous range of 
protein abundance, from nearly 2.000..000 molecules per cell 
lor some glycolytic enzymes lo about 100 per cell lor some cell 
cycle proieins (26a). Second, about half of all cellular protein 
is found in fewer than J 00 dill e rent gene products, which are 
mostly involved in car bohydrnrc metabolism or protein svnthc- 
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sis. Third, the cone) at ion between protein abundance and CAI 
is Jog linear as far as we can see, which is from aboul 10,000 
protein molecules per cell to about 1.000,000. This is somewhat 
surprising, because it implies thai selective forces for codon 
bias are significant even at moderate expression levels. It also 
means that codon bias is a useful predictor of protein abun- 
dance even for moderately low bias proteins. Fourth, ibere is a 
good correlation between protein abundance and mRNA 
abundance for the proteins that we have studied. This validates 
the use of mRNA abundance as a rough predictor of protein 
abundance, at least for relatively abundant proteins. Fifth, for 
these abundant proteins, there are about 4,000 molecules of 
protein for each molecule of mRNA. This last conclusion 
raises questions as to how the levels of nonabundarit proteins 
are regulated and suggests that protein instability, regulated 
translation, suboptimal rates of translation, and other mecha- 
nisms in addition to transcriptional control may be very impor- 
tant for these proteins. 
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Pre-translational regulation of cytochrome P450 genes is responsible for 
drrtS ° ^ ° f individ " aI P45 ° enz y mes amon S P»tienti with 

GeorgeJ, LiddjeC; Murray M , BythK, Farrell GC . 

We hav* recently reported that disease-specific differential alterations in the hepatic 
expression of xenob.otic-metaboIiz.ng cytochrome P450 (CYP P450) enzymes occur in 

fn^nt ST ^ * ° rder tG detem,ine whether * e obsTrTed Zges 
m CYP pro ems are modulated at pre- or pbst-translatiorial levels, we have now examSed 

hepttc levels of mRNA for CYPs 1 A2, 2C9, 2E1 and 3A4 by solution hybriSon 
m the same hvers of 20 controls (surgical waste from histologically normal livers) 32 

Tnvpf A U,arand 18 ° f Ch ° IeStatiG S6Vere chronic 1-er dfsease. CYPIA* 
mRNA and CYP1 A .mmunoreactive protein were both reduced in livers with 

■ wire r^l7 typeS rfdril »*- In CYP3A4 mRNA and protein 

were reduced only m hvers from patients with hepatocellular diseases. For 1 A2 and 3A4 
there were significant correlations between mRNA species and the respective protein 

ST th h tu VI' ^ = 0 64 ' P < ™ m > CYP2C9 m ™A was reSL 
pabents w.th both cholestatic and hepatocellular types of liver disease, but 2C protein 

rJSS* t/ m r tWntS With Ch0,CStatiC ^^n. The correlation between 

C r r zC9 mRNA and protein, was also significant (rs = 0.36, P < 0.005) but mRNA levels 

accounted for only l 3 o/ 0 of the variability in protem rankings. This is pmbablyT 

^^^"^r tCinS apart fr ° m 209 bei °e detected ^ the anti-2C 
antibody CYP2E1 mRNA and protein were reduced in patients with cholestatic liver . 
disease, but in hepatocellular disease the expression of only CYP2E1 mRNA was 
decreased. CYP2E 1 mRNA was significantly correlated with CYP2E1 protein but 
accounted Tor orJy 18% of the variability in protein rankings (rs = 0.43, P < 0 0005) 
Taken collectively these data indicate that the disease-specific alterations of xenobiotic- 
metabohzing CYP enzymes among patients with cirrhosis is due, at least in part, to pre- 
translafonal mechanisms. The lack of a strong correlation between CYP2E1 mRNA and 
protein suggests that this gene, like its rat orthologue, may be subject to pre-translational 
as well as translational and/or post-rranslational regulation: «ms.auona. 

PMID: 7741759 (PubMed - indexed for MEDLINE] 
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Cyclooxygenase-2 expression in macrophages: modulation by protein 
kinase C-alplia. 

Giroux M, bescotcaux A . 

tastitut National de la Recherche Scientifique-Institut Armand-Frappier, Universite du 
Quebec, Laval, Canada. 

Cyclooxygenase-2 (COX-2) is an inducible enzyme responsible for high levels of PG 
production during inflammation and immune responses. Previous studies with 
pharmacological inhibitors suggested a role for protein kinase C (PKC) in PG production 
possibly by regulating COX-2 expression. In this study, we addressed the role of PRC- 
alpha in the modulation of COX-2 expression and PGE2 synthesis by the overexposing 
n A a i°oT,Tt? egatiVe (DN) mUtant ° f this isoen2 yme in the mouse macrophage cell line 
■rV«TO? investigated the effect of various stimuli on COX-2 expression, namely 
L,^, iMM-gamma, and the intracellular parasite Leishmania donovani. Whereas LPS- 
mduced COX-2 mRNA and protein expression were down-regulated in DN PKC-alpha- 
overexpress.ng clones, IFN-gamma-induced COX-2 expression was up-regulated in DN 
PKC-alpha-overexpressing clones with respect to normal RAW 264.7 cells 
Measurements of PGE2 levels revealed a strong correlation between PGE2 secretion and 
IFN-gamma-mduced COX-2 mRNA and protein levels in DN PKC-alpha-overexpressing 
clones. Taken together, these results suggest a role for PKC-alpha in the modulation of 
LPS-^and IFN-gamma-induced COX-2 expression, as well as in IFN-gamma-induced . 
PGE2 secretion. ' 
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/Transcript proving of human platelets using microarray and serial 
analysis of gene expression. 

Gnatcnko DV , DunnJJ , McCorkleSR Wcissma.m P Perrotta PL. Bahou WF . 

SS^ 0 ^ uS. Pwam in Genetics - state Un,versity of New York - stony 

Human platelets are anucleate blood cells that retain cytoplasmic niRNA and maintain 
functionally intact protein translational capabilities. We have adapted complementary 
techniques of microarray and serial analysis of gene expression (SAGE) for genetic 
profiling of h.ghly purified human blood platelets. Microarray analysis using the 
Affymetnx HG-U95Av2 approximately 12 600-probe set maximally identified the 
expression of 2147 (range, 13%- 17%) platelet-expressed transcripts, with approximately 
22 A collect.vely involved in metabolism and receptor/signaling and an 
ovenrcpresentation of genes with unassigned function (32%). [n contrast, a modified 
SAGE protocol using the Type IIS restriction enzyme Mmef (generating 2 1 -base pair 
[bp] or 22-bp tags) demonstrated that 89% of tags represented mitochondrial (mt) 
transcripts (ennched in 16S and 12S ribosomal RNAs), presumably related to persistent 
mt-tran S cnpt 10 n in the absence of nuclear-derived transcripts. The frequency of non-mt 
SAGE tags paralleled average difference values (relative expression) for the most 
abundant transcripts as determined by microarray analysis, establishing the 
concordance of both techniques for platelet profiling. Quantitative reverse transcription- 
polymerase chain reaction (PCR) confirmed the highest frequency of mt-derived 
transenpts, along with the mRNAs for neurogranin (NGN, a protein kinase C substrate) 
and the complement lysis inhibitor clusterin among the top 5 most abundant transcripts 
For ^confirmatory characterization, immunoblots and flow cytometric analyses were " 
performed, establishing abundant cell-surface expression of clusterin and intracellular 
expression of NGN. These observations demonstrate a strong correlation between high 
transcript abundance and protein expression, and they establish the validity of transcript 
analysis as a too for identifying novel platelet proteins that may regulate normal and 
pathologic platelet (and/or megakaryocyte) functions 
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Transcript profiling of human platelets using microarray and serial analysis 
of gene expression 

Dmitri V. Gnalenko. John J. Dunn. Sean R. McCorkle, David Weissmann, Peter L. PerroMa, and Wadie F. Bahou 



Human platelets are anucleate blood cells * 
that retain cytoplasmic mRNA and main- 
tain functionally intact protein transi- 
tional capabilities. We have adapted 
complementary techniques of microarray 
and serial analysis of gene expression 
(SAGE) for genetic profiling of highly 
purified human blood platelets. Microar- 
ray analysis using the Asymetrix HG- 
U95Av2 approximately 12 600-probe set 
maximally identified the expression, of 
2147 (range, 13%-17%) platelet- expressed 
transcripts, with approximately 22% col- 
lectively, involved in metabolism and re- 
ceptor/signaling, and an overrepresenta- 
lion of genes with unassigned function 
(32%). In contrast, a modified SAGE proto- 
col using the Type IIS restriction enzyme 

Introduction . 



Mmel (generating 21-base pair [bp] or 
22-bp tags) demonstrated that 89% of 
tags represented mitochondrial (mt) tran- 
scripts (enriched in 16S and 12S ribo- 
somal RNAs), presumably related to per- 
sistent mt-transcription in the absence of 
nuclear-derived transcripts. The fre- 
quency of norvmt SAGE tags paralleled 
average difference values (relative expres- 
sion) for the most "abundant* transcripts 
as determined by microarray analysis, 
establishing the concordance of both 
techniques for platelet profiling. Quantita- 
tive reverse transcription-polymerase 
chain reaction (PCR) confirmed the high- 
est frequency of mt-derived transcripts, 
along with the mRNAs for neurogranin 
(NGN, a protein kinase C substrate) and 



the complement lysis inhibitor ctustertn 
among the top 5 most abundant tran- 
scripts. For confirmatory character iza- . 
tion, immunoblots and flow cytometric 
analyses were performed, establishing 
abundant cell-surface expression of clus- 
term and intracellular expression of NGN. 
These observations demonstrate a strong 
correlation between high transcript abun- 
dance and protein expression, and they 
establish the validity of transcript analy- 
sis as a tool for identifying novel platelet 
proteins that may regulate normal and 
pathologic platelet (and/or megakaryo- 
cyte) functions. (Blood. 2003;101:2285-2293) 
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Human blood platelets play critical roles in normal hemostatic 
processes and paihologic conditions such as thrombosis, vascular 
remodeling, inflammation, and wound repair. Generated as cytoplas- 
mic buds from precursor bone marrow megakaryocytes, platelets 
are anucleate and lack nuclear DNA. although they retain 
megakaryocyte-derived mRNAs. 1 - 7 Platelets contain rough endo- 
plasmic reticulum and polyribosomes, and they retain the ability 
for protein biosynthesis from cytoplasmic mRNA. 3 Quiescent 
platelets generally display minimal translational activity, although 
newly formed platelets such as those found in patients with 
immune thrombocytopenic purpura (ITP) synthesize various a -gran- 
ule and membrane glycoproteins (GPs). including GPJb and 
GPUb/llla (ajjbfo). Furthermore, stimulation of quiescent platelets 
by agonists such as a-thrombin increases protein synthesis of 
various platelet proteins, including Bcl-3. 4 Like nucleated cells, the 
rapid translation of preexisting mRNAs may be regulated by 
integrin ligation to extracellular matrices ' )n the case of platelets, 
the primary integrin involved in. this piocess appears to be a Mb p 3 
with cooperative signals mediated by the collagen receptor o>p,> 7 



Jntegrin- mediated platelet protein synthesis appears to be regulated 
at the level of translation initiation involving the eukaryotic 
initiation factor 4E (elF4E). Instead of directly influencing e)F4E 
activity via postradiational modifications (ie, phosphorylation), 
platelet e!F4E activity best correlates with its spatial redistribution 
to the mRNA-cnriched cytoskeJeton. 8 Furthermore, because pro- 
tein translation is partially inhibited by the immunosuppressant 
rapamycin, it suggests that adhesion- and/or aggregation- induced 
outside- in-signaling function to regulate protein synthesis through 
the mTOR (mammalian target of rapamycin) pathway. k - s - 9 

Despite the biologic importance of platelets and their intact 
protein synthetic capabilities, remarkably little is known about 
platelet mRNAs. Younger platelets contain larger amounts of 
mRNA with a greater capacity for protein synthesis, as determined 
by using fluorescent nucleic acid dyes such as thiazole orange. 10 
This assay has been used as a quantitative determinant of younger 
or "reticulated" platelets (RPs). Indeed increased reticulated plate- 
lets are typically found in patients with conditions associated with 
rapid platelet turnover such as ITP; typically RP percentages in 
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such patients approach J0% to 20% of all platelets,, considerably 
higher than in healthy control subjects." Interestingly, high RPs 
have been associated with enhanced thrombotic risk when identi- 
fied in patients with ihrombocytosis, 10 suggesting that quantita- 
tively increased mRNA levels may be associated with the prothrom- 
botic phcnotype. Whether this is related to globally altered gene 
expression profiles or to select changes more evident during 
situations of rapid platelet turnover remains unknown. Certainly, 
technical limitations of this assay limit its utility in defining 
prothrombotic genotypes,' 0-1 2 and it cannot identify differentially 
expressed genes that may be causally implicated in disordered 
platelet phenorypes. 

Toward the goal of defining the molecular anatomy of the 
platelet genome, we have adapted complementary techniques of 
microarray and serial analysis of gene expression (SAGE) for 
genetic profiling of highly purified human blood platelets. Microar- 
ray technology represents a "dosed" profiling strategy limited by 
the target genes imprinted onto gene chips. Jn contrast, SAGE is an 
"open" architectural system that can be used to identify novel genes 
and to quantify differentially expressed mRNAs. m5 The sequence 
of each tag along with its positional location uniquely identifies the 
gene from which it is derived, and differentially expressed genes 
can be identified in a quantitative manner because the tag frequency 
reflects the mRNA level at the time of cellular harvest and analysis. 
By using both technologies, we have identified a number of 
previously imcharacterized genes that appear to be expressed in 
human platelets, while simultaneously establishing the dominant 
frequency of mitochondrial- expressed genomes comprising the 
platelet mRNA pool. These observations provide a panoramic 
overview of the platelet transcriptome, while additionally provid- 
ing insights into the molecular pathways regulating platelet (and/or 
megakaryocyte) function in normal and pathologic conditions. 



Materials and methods 

Reagents and supplies 

Thermus aquaticus (Tnq) polymerase was purchased from (Roche, Indianap- 
olis. IN), T'i DNA lipase was pu refused from; Invitrogen (Carlsbad, CA), 
and restriction enzymes were from New England Biolabs (Beverly. MA), 
except. for Mme\, which was obtained from the Center for Technology 
Transfer (Gdansk, Poland). All oligonucleotides were synthesized on an 
Applied Biosysiems (Foster City, CA) 3-channeI synthesizer and are listed 
in Table I. Monoclone I antibodies used for flow cytometric analysis 
included the FJTC (fluorescein isotbiocyanate)-conjug3red anti-CD4J 
(oiibPs) immunoglobulin GJ (IgG); Immunotech, Miami. FL); phyco- 
erytbrin ( PE> conjugated antiglycophorin ( JgG2; Bee ton Dickinson Pharm- 
ingen. San Diego.. CA): and peri dim" n chlorophyll protein (PER CP) - 
conjugated ami- CD J 5 (IgOl: Breton Dickinson Pbarmingcn). 

Platelet isolation, purification, and immunodetection 

All human subjects provided informed consent for an IRB (Institutional 
Review Board) -approve J pioiocol completed in conjunction with l he 
General Clinical Research Center at Stony Brook University Hospital. 
Peripheral blood (?ft mU horn healthy volunteers drawn mto ?mL of 4% 
sodium cilulc 1 0/1% vol vol final concentration) was used lo isolate 
erythrocytes by diOrremiul rrntritugahon O.^OO^) or to isolare pure 
leukocytes by densu\ --»iadicnr u-ntriftigaiion as pteviously described."' 
Platelets c oiler ird from healthy vo lumens by aphercsis were used wirhin 
24 hours of collet tion. After addition of 2 mM EDI A (rihvlcncdinmineict- 
raacetic acid), aphcifsis-dt rived platelets horn a single donor were 
centrifuged at Mlfc for IS minutes ai 25°C. To minimize leukocyte 
contamination, only r|i 0 upper 9/10 td the platelet-rich plasma fPRP) was 



used for gel filtration over a BioGeJ A50M column (1000 mL total volume) 
equilibrated with HBMT (HEPES- buffered modified Tyrodes bufTen 10 
mM HEPES (W-2-hydjoxyethylpiperozine -A^2-elhanesulfonic acid) pH 
7.4, J 50 mM NaCI, 2.5 mM KCL 0.3 mM NaH 2 P0 4> 12 mM NaHCOj, 
0.2% bovine serum albumen [BSA], 0.1% glucose, 2 mM EDTA). 
Gel-filtered platelets (GFPs) were subsequently filtered through a 5-pjn 
nonwetting nylon filament filter (BioDesign, Carmel, NY) at 25°C and 
harvesied by cenlrifugation at \500g for 10 minutes at 25 °C. Platelets were 
gentry and thoroughly resuspended in 10 mL HBMT buffer and incubated 
with 120 >L murine monoclonal anti-CD45 antibody conjugated to 
maghelic microbeads (Millenyi Btotec, Bergisch Gladbach, Germany) on a 
rotating platform for 45 minutes at 25°C. Magnetic separation columns 
were used lo capture CD45* cells (leukocyte fraction) by positive selection 
(MACS II; Millenyi Biotec). Purified platelets were concentrated by 
centrifiigation at J500g and immediately used for total RNA isolation. 

The efficiency of platelet purification was documented at each step by 
flow cytometry." Briefly, aliquots containing 2X10* platelets were 
incubated with saturating concentrations of FITC-conjugaled arit>CD4I, 
PE-conjugated antiglycophorin, and PERCP- conjugated anti-CD45 for 15 
minutes in the dark at 25°C, washed.with phosphate-buffered saline (PBS), 
and fixed in PBS/1% formalin. Samples were analyzed using a FACScan 
(fluorescence-activated cell sorter scan) flow cytometer (Becton Dickinson) 
using CELLQuest software designed to quantify the number of CD45* and 
glycophorin- positive events in the sample (expressed as the number of 
events per J 00 000 CD4I + events). For some experiments, fixed platelets 
were permeabilized with 0. 1% Triton-X/PBS for 30 minutes at 25°C prior 
to the addition of primary antibodies, all as previously described. 17 

Platelet protein detection was completed by sodium dodecyl sulfate 
(SDS>-polyacrylamide gel electrophoresis (PAGE) and immunoblol analy- 
sis as previously described, using the species-specific horseradish pcroxidase- 
conjugated secondary antibody and enhanced chemi luminesce nee. 1 * Anti- 
bodies included the aniidusierin monoclonal antibody (Quidel, Santa Clara, 
CA; 1:1000 primary and 1:10 000 secondary) and the antineurogranin 
rabbit polyclonal antibody (Chemicon Internationa), Temecula, CA; 1: 1000 
primary and 1:10 000 secondary). 

Molecular analyses and microarray profiling 

Purified, individual cell fractions were resuspended in 10 mL Trizol reagent 
(Invitrogen), transferred into diethylpyrocarbonale (DEPC)- treated Corex 
f Springfield, MA) tubes, and serially purified and precipitated by using 
isopropanol essentially- as previously described. ".Total cellular RNA was 
harvested by cenirifugation at 12 50% for 20 minutes at 4°C, washed 2 
times with 75% ethanol (10 mL/tube), and resuspended in 100 u.L 
DEPC* treated water. Platelet mRNA quantitation was performed by using 
fluorescence- based real- lime PCR (polymerase chain reaction) technology 
(TarjMari Real-Time PCR; Applied Biosystems. Foster City, CA). Oligonu- 
cleotide pnmer pairs were generated by using Primer3 software (www- 
genome. wr.mir.edu), designed lo generate approximately 200-base pair 
(bp) PCR products at the same annealing temperature, and are outlined in 
Table I. Purified platelet mRNA (4 p,g) was used for first-strand cDNA 
synthesis using oJigo(dT) and Superscript II reverse transcriptase (Invitro- 
gen). For real-rime reverse transcription (RT>PCR analysis, the RT 
reaction was equally divided among primer pairs and used in a 40- cycle 
PCR reaction for e3ch target gene by using the following cycle: 94°C for 30 
seconds, 55°C for 30 seconds, 72°C for I minute, and 7l°C for 10 seconds 
(40 cycles total). mRNA levels were quantified by monitoring real-time 
fluoronutric intensity of SYBR green I. Relative mRNA abundance was 
determined from triplicate assays performed in parallel foi each primer pair 
and was calculated by using the comparative threshold cycle number (A-O 
method) as previously described.'" 

Gene expression profiles were completed by using the approximately 
12 600-prnbe set HG-U95Av2 gene chip (AfFymririx. Santa Clara, CA). 
Total cellular RNA (5 M g) was used for cDNA synthesis by using 
Superscript Choice system (Life Technologies. Knrkvil)e : MD) and an 
ohcoldl) primer containing the 77 polymerase recognition sequence 
! Primer Si; -Table I), followed by cDNA purification using GFX spin 
columns. In vitro transcription was completed in the presence of biot infl- 
ated ribonucleotides by using a BioArray High Yield RNA Transcript 
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Table 1. Oligonucleotide primers 




Gene and pr imor 




Nucleotide 


Primer 


direction 


Sequence (5* - 3') 


Position 


SI 


Oliao(dT) 


5 Bn- GGCCAGTG^rrGTAATACGACTCACTATAGGGAGGCGG- ( dT> 3 « - 3 ' 




Cassette A 


SAGE 


5 ' - TTTGGATTTCCTGGTCGAGTACAACTAGGCTTAATCCGACATG - 3 ' 


— 
— 






3'- ♦CCTAAACC^CCAGCTCATGTTGATCCGAATAAGCCTp- S' 




Cassette B 


SAGE 


5 ' - pTTCAT^CCGAGACGTCCGCCACTAGTGTCGCAACTGACTA * - 3 ' 


— 






3 ' - fQJAACTACCGCCTCTCCA(XCGCTX^TCACAGCGTTGACTGAT- 5 ' 




S2 


SAGE - 


5' - Bn - (S^TTTGCTGGTCGACTACA- 3 ' 


— 


S3. 


SAGE 


5'- Dn-TAGTCAGGTGCCIACACTAGTGGC- 3' 


- — 


GP4 


Glycoprotein IIB |FJ 


S ' - AGGGCTTTGAGAGACT CATCTGTA - 3 ' 


2094-2117 


GPS 


Glycoprotein fIB \H) 


S'- ACAATCTTGCTGTTTGGATTCTG-3' 


.2301-2279 


GP6 


Glycoprotein MIA [F] 


5 ; - TATAAAGAGGCCACCTCTACCTTC- 3 * 


2335-2358 


GPV 


Glycoprotein IIIA |R) 


5 ' - CACTTCCACATACTGACATTCTCC- 3 ' 


2532-2509 


PAR 18 


PARI [F) 


5 ' - AATGTC AGTTCTGATATGGAAGCA - 3 ' 


2585-2608 


PAR19 


PARI [RJ 


5 ' - CCCAAATGTTCAAACTIVrrJAGC- 3 ' 


2776-2753 


SR8 


16S rRNA [FJ 


5 ' - TGCAAAGGTAGCATAATCACTTGT- 3 ' 


2586-2609 


SR9 


1GS rRNA |R| 


S'- GTTTAGGACCTGTGGG1TTGTTAG-3' 


2785-2762 


NADH10 


NADH2 JF) 


5 * - CTAGCCCCCATCTCAAATCATATAC- 3 ' 


487W898 


NADH11 


NADH2 |RJ 


5 ' - AATGGTTATGTTAGGGTTGTACGG- 3 ' . 


5075-5052 


THYM12 


Thymosin (14 |F) 


5 ' - AAGACAGAGACGCAAGAGAAAAAT- 3 ' 


135-158 


7HYM13 


Thymosin p4 [RJ 


S* - GCAGCACAGTCATTTAAACTTGAT- 3 ' 


336-313 


CLUSM 


C1usterin|F| 


5 * - CCAACAGAATTCATACGAGAAGG- 3 ' 


• '1006-1028 


CLUS15 


Ctusterin [RJ . 


5 ' - CGTTATATTTCCTGGTCAACCTCT - 3 ' 


1222-1199 


NRG 16 


Neurograntn [FJ 


S ' - GCCCTTTTAGTTAGTTCTGCAGTC - 3 ' 


135M374 


NRG 17 


Neurogianin (RJ 


5 ' - TT TTCT] "rAAGTGAGTGTGCTTGG - 3 * 


1567-1544 




T-cell receptor 






7CR18 


P chain |FJ 


5' - CCACAACTATGTTTTCGTATCGT- 3' 


131-153 




T-ceft receptor 






7CR19 


p-chain |R| 


5 ' - CTAGCA CTGC AG ATGTAGAA GCT - 3 ' 


332-310 


CD4520 


CD45 |F) 


5 ' - GCTCAG AATGGACAAGTA - 3 ' 


377 1-3788 


CD-1521 


CD45 |RJ 


5 ' - CACACCCATACACACATACA - 3 * 


428CM261 



JFJ indicates forward (sense) strand; JRJ, reverse (aniisense) strand; Bn. biotin; p. aphosphorylaled 5' end (cassettes A and B); underlining. Moltl'siles in casselles A and 8; 
arrows. corresponding sequence (or S2 and S3 within cassenes A and B. respectively; bold, the Mmel site; arwt N. A. C, T, or G. nucleotide position based on the following 
accession numbers: grycoptotein IIB (J02764). glycoprotein IDA (M35999). PARI (M62424). 16S i RNA and NADH2 (NC. 00 1807). thymosin 04 (M17733), cluslerin (M25915). 
neurogianin (X99076). TCR p-chain (AF043182). CD45 {Y00638). 

'Indicates an amino- modified 3' end in both cassettes: — , not applicable. 



Labeling Kit (Enzo Diagnostics. Farmingdale. NY), and. after metal- 
induccd fragmentation, J 5 p-g biotinylaied cRNA was hybridized to the 
HG-U95Av2 oligonucleotide probe an ay for 16 hours at 45°C. After 
washing, the cRjNA was detected with sireptavidin-phycoeryihrin (Molecu- 
lar Probes, Eugene, OK) and analysis was completed by using a Hewlett- 
Packard Gene Array Scanner (AlTymctrix). The average difference value 
(AO) for each probe set was quantified using MAS 4.01 software 
(AfTymctri*), calculated as an average of fluorescence differences for 
perfectly matched versus single-nucleotide mismatched 25-mer oligomtclc- 
oiidcs (lf> to 20 oligonucleotide pairs per probe set). The software is 
designed to exclude "positive calls" in (he presence of high average 
differences with associated high mismatch intensities. 

SAGE prolilcs 

I'laieici SAGE libraries were generated essentially as previously de- 
scribed." modi lied as outlined in fit me I for the use of Mmo] as ihc 
lagging enzyme. "This type IIS restriction enzyme cleaves 20 of IS bp past 
its nonpalindtoniic (TCCRAC) recognition sequence, thereby generating 
longer tags I? I- or 22-mer) than those obtained using BsmT\ as ihc standard 
tagging enryinc (13-14 bp tags). These longer Mme 1-eeneraicd rags 
potential ly provide for more definitive 'tag-io-gcne " ideniifir aiion and aie 
parlicidarlv useful in characterizing ex pi ess ion patterns in the alienee of 
complete genomic sequence data (comprehensive methods derailed in Dunn 
ct al'v). briefly. poIv(A) mRNA was isolated from 10 ng total platelet RNA 
using the oltgo-ldT) St primer conjirgated to magnetic beads (Dynal 
lliotrrh. Lake Success. NY), followed by cDNA sw>ihcsij using Super- 
Script II icvcite transcriptase (Invjtiogen). Hie cDN'A was ihrn digested 



with the restriction enzyme Nla}]) (anchoring enzyme), ligated to cassette A 
using T4 ONA ligase, and,, after the beads were extensively washed, the 
cDNA was digested with Mmc) to release the tags from the beads. After 
purification, tags were ligated to degenerate cassette B linkers (specifically 




Frame- 1. Schema outlining the modified SAGF piototol used in platelet 
analyses. The final tgys are flanked by the Mailt {:m<.tioring enzyme) CAlG 
sequence, thereby providing lap- to- gene idenli'rtahon when exported to 3 relational 
database (refer to 'Biomformnlic. :»nolyses' antjlable t tor details). 
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designed to anneal to the nonuniform A/mel overhangs), and PCR-amplificd 
using biolinylated primers S2 and S3 for 30 cycles (95°C for 30 seconds; 
. 58°C for 30 seconds; 72°C for 30 seconds) using Platinum Taq DNA 
polymerase (Gibco BRL). A fraction (20%) of the pooled PCR products 
were then subjected to one round of linear amplification using primer pair 
S2/S3, followed by a second round of 25 amplifications using primer S2 
alone (95°C for 30 seconds. 58°C for 30 seconds, 72*C for 30 seconds). 
Primer S3 was subsequently added for one cycle (95°C for 2.5 minutes, 
58°C for 30 seconds, 72°C for 5 minutes); the latter steps were collectively 
adapted to exclude hclcroduplcx formation. 18 Unincorporated primers were 
removed by incubation with 200 U Escherichia coli exonuclease 1 for 60 
minutes at 37°C PCR products were then pooled and digested with A7oIH 
to release tags, and biolinylated linker arms were cleared using streptavidin- 
coated imrnunoaffimty magnetic beads (Dynal Biotech). Tags were con- 
catamerized using 5 U/u.L T4 DNA ligase, and products more than 100 bp 
were isolated by size- fractionation in low- melting agarose gels. The DNA 
was purified by GFX spin columns, and the concalamcrs were cloned into 
the Sphl site of pZero (Invitrogen). After transformation into Ecofi TOPI 0 
cells, recombinant clones were isolated and sequenced in 96-welI microti ter 
plates using, an ABI 377 sequencer and AB1 Prism BigDye terminator 
chemistry (Perkin-Elmer Applied Biosystems, Branch burg, N J). . 

Bioinformatic analyses 

Functional grouping of genes determined lo be present by Affymetrix MAS 
4.01 software was performed using a dChip program linked to the National 
Center for Biotechnology LocusLink, which is an annotated reference 
database for genes and their postulated functions. 70 Of the approximately 
12 600-probe sets represented on (he Affymetrix HG-U95Av2 Gene chip, 
functional annotations exist for approximately 8100 with the remainder 
categorized as unknown. Microarray data were visualized and analyzed 
using BRB- Array Tools software (Version 2.1), kindly developed and 
provided by Dr Richard Simon and Amy Peng (linns.nci.nih.gov/BRB- 
ArrayTools.html). A logarithmic (base 2) transformation was applied to the 
average difference values for individual data sets for del ermi rial ion of 
microarray concordances. Discordancy was defined as a 2-log difference in 
the maximum log intensities between individual experiments. 

SAGE tags were extracted by using in-house SAGE software uniquely 
modified to identify Mme\ lags. The software ensures that only unambigu- 
ous 21- lo 22-bp tag sequences are extracted for transcript profiling. Tags 
with ambiguities (Ns), lengths oihcr than 21 or 22 bp, or with ambiguous 
orientations were extracted to separate files for manual editing or further 
examination. Finalized data were exported to a relational database for tag 
quantification and genetic identification. :o 



Results 

Platelet purification 

To ensure that the RNA profiles accurately represented those of 
circulating blood platelets, a number of complementary methods 
were implemented lo remove contaminating nucleated leukocytes. 
Purification methods incorporating gel filtration, a 5-pm leukocyte 
reduction filter, :md magnetic CI>J S immunodepletion allowed for 
the cumulative enrichment of highly purified platelets. The efficacy 
of this purification method was initially established by using 
peripheral blood platelet- rich plasma as the starting material. The 
final product contained no more than 3 to 5 leukocytes per I X 10 5 
platelets as determined by pat a tic I flow cytometric analysis, 
representing an approximate 4 M.J- fold t eduction of nucleated 
leukocytes. These results coiretoted well with molecular evidence 
loi leukocyte depletion as dciei mined by HI -PCR using both CD-15 
and T-celJ receptor fj- chain (ICKfi) primers (see Figure 2). 
Because the total RNA yield from peripheral blood platelets was 
insufficient for micioanay studies, wc adapted the protocol lo 
platelet aphciesis donors »->ih nearly identical final purity {Tieure 



A B 




Figure 2. Determination of platelet purity. (A) Total cettutar RNA (1.8 ,19) horn 
platelet-rich plasma (PRP) or purified platelets from a single apheresis donor were 
anat^ed by RT-PCR (35 cycles) using ofioonucteotide primers specific tor glycopro- 
tein lib (GPItb). T-cefl receptor p-chain fT CRp). or CD45; 10 H l_ of the 50 reactions 
were anaJy2ed by ethkSum-stained agarose get etectrophor esis. Minimal to no 7 CRp 
gene product was visually evident only rn PRP. Size markers corresponding to 
Waeltt-restricted $X174 DNA are show a (B) Real-time RT-PCR was completed by 
using 1.8 n9 total RNA and TCRp-specific oligonocleotklo primers optimized for 
quantitative analysis by real-time PCR 18 On the basis of parallel determinations 
using RNA isolated from known amounts of purified leukocyte standards, the 
leukocyte-depletion protocol represents an approximate 2.5-tog purification from the 
starling PRP. Results are representative of one complete set of experiments repeated 
on 2 separate occasions, and data points represent the mean from triprpcate wefls. 
with standard errors of the mean f SE M) less than 1 % (not shown). 

2). The platelet recovery was nearly 65% of the starting material, 
yielding approximately 2.3 X JO" platelets from an initial aphere- 
sis pack containing approximately 3.6 X 10 M platelets. The bulk of 
the losses occurred during the initial cenlrifugation and filtration 
steps. The purification protocol was less effective at removing 
erythrocytes, although there were less than 50 glycophorin-positive 
cells per J X I0 5 platelets after the final purification step. Nonethe- 
less, these cells represent unlikely sources for contaminating 
cellular RNA (see "Cellular microaiTay analysis" below). 

Cellular microarray analysis 

The purified platelet RNA was sufficient for microarray studies and 
was used for cRNA generation and hybridization to (he Affymetrix 
HG-U95Av2 CeneChip. The anatomic profile of platelet RNAs 
from 3 healthy male donors was determined by using Affymetrix 
software. Of the J 2 599 probe sets imprinted onto the chip, a 
maximum of 2147 (17%) transcripts were computationally identi- 
fied as "present" by the Affymetrix software, 152 (1.2%) were 
equivocal, and nearly 82% were absent. As a fraction of the total 
genes present on the chip, the percentage of platelet-expressed 
genes (15%- 17%) was generally lower than that obtained from - 
other human cell types in which 30% lo 50% of genes are present as, 
determined by Affymetrix software (J. Schwedes, personal commu- 
nication. May 2002). The "limited number" of platelet-expressed 
transcripts presumably reflects the lack of ongoing gene Inscrip- 
tion in ihe anuclcale plalelct. Because less than 1% of circulating 
red blood cells contain residual RNA, it is unlikely thai any of these 
transcripts are erythrocyte derived, although ihis was formally 
addressed by isolating total cellular RNA from 20 mL of whole 
blood (corresponding loan -3- log fold excess of erythrocytes than 
that identified in uw final sample). The total cellular yield of RNA 
from l his starling material was approximately 250 ng, suggesting 
that less ihnn I ng- crylbioc\ie- derived RNA was present in the 
purified platelet prepaiations. Despite lhis : however boili o- and 
p-giobin transcripis— alonif with both the ferritin heavy and fight 
chains — were identified as abundant transcripts (Table 2). Al- 
though die most parsimonious explanation would be residua! coni;uui- 
naiing reticulocytes, this is not supported by om erythrocyte contami- 
nation estimates, and their significance remains unresolved. 

As j means of better disseeiing (he molecular anatomy of the 
platelet, cxpiessed genes were grouped on the basis 0/ assigned 
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Table 2. Top 50 human platelet-expressed genes 



Accession no. 


Gene symbol 


AD values, range" 


Gene transcriptt 


Leukocyte expression) 


" Mt7733 


TMSB4X 


140142-307 852 


Thymosin 84 mRNA. complete cds 


+ 


X9D076 


NRGN 


101510-148 279 


Neiirogranin gene 


+ 


M25079 


HBB 


40 839-229 556 


3-gtobtn mRNA, complete cds 


+ 


M25915 


ClU 


84 720-140 246 


Complement cytotysrs inhibitor (cfusterin) complole cds 




J04755 


FTHPt 


82 980-148 621 


Fenilin H processed pseudogene. complete cds 




D78361 


OAZ1 


73 098-118 140 


mRNA for ornithine decarboxylase aniizyme 


_ 


X04409 


GMAS 


77 761-94 781 


mRNA Tor coupling protein G(s) o-subunft (alpha-Si) 




. M25897 


PF4 


62 811-126 908 


Ptalelet factor 4 mRNA. complete cds 




AB021288 


B2M 


61689-108921 


B2- micr oglobufin 




X00351 


AC7B 


25 143-73 775 


mRNA lor p-aclin 




D21261 


TAGLN2 


76 687-101 931 


mRNA for KIAA0120 gene ■ 




At mifi70 


FTLL1 






+ 




" GPUB 


41 4rt4.iin ~v>n 


Platelet glycoprotein top chain mRNA 




"M2112I 


CCL5 


47 308-106 399 


■ -ccJropvuwr pruvCTn i col wikha, compfcie cos 




• Xt3710 


GPX1 




LlnspKced mRNA lor cjtutalhrorm peroxidase 




J00153 


HBA1 


Zl ZUI 


Alpha gtobin gene duster on chromosome 16 


+ 




MYLG 


46 337-106 833 


Nonmusde/smooth musde alkali myosin light chain gene 


■+ • 


L20941 


FTH1 


52 787-74 763 


Ferritin heavy chain mRNA, complete cds 




J03O40 


SPARC 


51 156-74 261 


SPARCVoslconeclin mRNA complete cds 




X56009 


GNAS 


45 543-72 096 


GSA mRNA for a subunit of GsGTP binding protein * 




X58536 


HI A 


31 183-82 613 


mRNA for major HLA dass I locus C heavy chain 


+ 


M54995 


PPBP 


46571-67 169 


Connective tissue activation peptide III mRNA 




U34995 


GAPD 


35 095-70 250 


Normal kef atinocyte subsb action library mRNA, clone M22a 


+ 


1.40399 


MLM3 


32 107-73 364 


Clone zap 11 2 (mutL protein homolog 3) mRNA 




X77&48 


IMCOA4 


31 452-61 036 


cDNA tor RFG (RETproto-oncogene RET/PTC3) 




U90551 


M2AFL. 


■ 35 086-51892 


Histone 2A-liKe protein (H2A/)) mRNA 




Ml 1353 


H3F3A 


31 614-55 813 


H3.3 histone dass C mRNA 




212962 


RPL4 1 


36 003-54 853 


mRNA lor homotogue to yeast rtbosomal protein L4 1 


-t 


X06956 


1UBA1 


20 988-61 798 


HALPHA 44 gene tor o-tubufin 








24 571-58 611 


mRNA (or KIAA 1027 protein 




Y12711 


HCjKMCI 


33 680-43 174 


mRNA foi putative progesterone binding protein 




M16279 


MIC? 


30 894-48 166 


Integrated membrane protein (MIC2) mRNA 






YVVMAH 


-24 785-50 437 


Brain 14-3-3 protein 0-chain 




AF070585 


TOP3B 


20 027-67 945 


Clone 24675. unknown cDNA 




AA524802 


Unknown 


23 846-39 481 


CDNA. (MAGE done 954213 




AB009010 


UBC 


28 745-38 389 * 


mRNA lor polyubiquitin UbC 




X57985 


H2AFO 


21 678-52 108 


Genes foi histories H2B. 1 and H2A 




Xa4304 


MLCB 


25 733-34 109 


mRNA for myosin regulatory fight chain 




M 14539 


F13A1 


23 691-48 474 


Factor XIII subunil n -polypeptide mRNA. 3' end 




AI540958 


Unknown 


24 872-41 118 


cDNA. PEC t.2_15_HOI.r5'end/cton 




AL050396 


FLNA 


13 634-55 235 


cONADKFZp 586K1720 




X56841 


HLA-E 


12 890-49 327 


Nonclassicat MHC dass 1 antigen gene 




M26252 


PKM2 


15450-47 786 


TCB (cytosofic thyroid hormone- binding protein) 




Ml 4630 


P7MA 


19 314-45 088- 


Prothymosin alpha mRNA 




AT 045229 


RGStO 


19 156-34 243 


Regulator ot G protein signaling 10 mRNA 




AA477898 


Unknown 


16 853^14 756 


cDNA. Z834l08.il 5* end 




X95404 


Fll 


15 216-37 456 


mRNA lor nonmuscle type cofrlrn 




M34480 


11 GA2B 


8 627-45 495 


Ptatetet glycoprotein lib (GPIIb) mRNA 




Z83738 


H2BFE 


78 001-31 306 


HH?B/e gene 




119779 


H2AFO 


17 319-38 951 


Histone H2A.2 mRNA. complete cds 





'Gene expression nullifications were calculated 35 the overage ditlerence (AD) value (matched versus mismatched oligonucleotides) lof each piobe set using Altymetrw 
GeneChip soitwaie. version 4 01. 7 he range ol values from 3 distinct platelet mioonnays is shown: rbe normalization value lo> all microanay analyses was 250. 

1 Transcripts are r;mk-oidered( highest to lowest) using BRB-AiiayTools software hy log intensities ot AD values obtained trom 3 different healthy donors; 33 ol the top 40 
transcripts wet** ttsifMl among the rap 50 in ot) 3 microanay sets. 

(leukocyte <?> PK-ssion was Oelennined by microanay analysis using ptwihed peripheral Wood leukocytes, followed by constructron ot rank- intensity plots lor comparison to 
platelet lop f»0 trnnscripts.^ lop teukocyte- derived transcripts ider>tifted within the ranked top 50ptotelet transcripts are depicted by a H ) present, or (- ) absent. 

cds indicates cod>ryj sc-qirenr.c* 



•?rnc nnnoijiioti5. rind ihis annlysis was used to provide 3 pan- 
oramic iJcTmii ion ol the pl::iclfl liansciipionic.-OI" the genes thai 
could be cataloged within assigned "chisiers." iho.^e involved in 
mciabolism (11%) ami tecepior/signaling (11%) repicscntcd lite 
largest croups. Also evident in these analyses is ihe relatively latiie 
perccniape ot ijenes involved in functions uni elated to these key 
groups lie. miscellaneous. 23%), and the overrepresentation oi 
eenes with unknown tonction (32%) as annoiated by AfJSnnetn> 



and RelScq databases. 7 1 These results identify a vasi array {nearly 
one half) of platelet genes (and gene products) that piesnmably 
have important, but poorly charactenzed functions, in platelet 
and.-'or megakaryocyte biology. 

Although mjcioanay analysis is not truly tjunn I native, rank- 
otdering using lire mean log-iniensities fiom 3 independent mtcroar- 
tny analyses allowed foi the eaiegori?ation of ihe top platelet 
transcripts (Table 2). Computational analyses demonstrated that 
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only 10 of (he top J 00 genes were discordant among the 3 platelet 
microanays, although 71 of 100 genes were discordant between 
platelet and leukocyte arrays. An inventory of the top 50 platelet 
genes is listed in Table 2, which also delineates those found to be 
highly expressed in peripheral blood leukocytes by parallel microar- 
ray experiments with this purified cellular fraction (data not 
shown). Further analysis of these cell subsets demonstrated that 
approximately 25% (n = 547) of the total platelet transcripts were 
platelet restricted. Furthermore, only 10 of the 50 most highly 
expressed genes were found to overlap,, confirming the distinct 
cellular profiles of each Iranscriptome. Of the 12 overlap genes, 3 
corresponded to globin or ferritin chains (again suggesting the 
presence of contaminating reticulocytes in both purified fractions), 
and another 4 were involved in actin cytoskeletal reorganization 
and human leukocyte antigen (HLA) expression, gene products that 
regulate critical functions in both cell types. Given the importance 
of cytoskeletal reorganization in downstream platelet activation 
events, it is not unexpected that components of the actin machinery 
system would demonstrate prominent transcript expression. Previ- 
ous estimates suggest that 20% to 30% of the total platelet 
proteome is comprised of actin wilh other components such as 
actin- binding protein, mysosin, and talin accounting for an addi- 
tional 2% to 5% of the total protein.' 72 The mRMAs encoding the 
aclin-related machinery are overrepresented in. our microarray 
analysis, wilh 8 such transcripts found among the 50 highest 
platelet-expressed genes. Interestingly thymosin 04 demonstrated 
the highest expression pattern. In unstimulated platelets, 30% to 
40% of actin is polymerized as F-actin, 27 whereas the balance of 
net in monomers (G-actin) are polymerization inhibited by seques- 
tering proteins such as profilin (100 u.M) and thymosin £4 (600 
p-M)." The high thymosin p4 transcript expression not only 
correlates with its known abundance in platelets but also supports 
the importance of actin inhibitory proteins in maintaining the 
nonslimulated slate of circulating platelets. 

Platelet SAGE analyses 

Although these initial studies identified the distribution and relative 
expression patterns of the genes within the Asymetrix data set. 
they do not allow for analyses of genes that arc unrepresented by 
these oligonucleotide chips. Unlike closed microarray profiling 
strategies, SAGE is an open architectural system that is ideally 
suited for novel gene and pathway identification. Accordingly, the 
platelet RNA used for microarray studies was used for platelet 
SAGE. A total of 2033 tags were initially cataloged, of which 1800 
(89%) corresponded to mitochondrial-dcrived genes. These results 
weie quite different from those obtained by microarray analyses, 
but the discrepancy can be resolved by the nomcpresenlation of the 
mitochondrial genome on the gene chip The mitochondrial ge- 
nome is a compact approximately 16.6-kilobasc (kb) sequence 
encoding 13 genes and 2 ribosomal subunits. 34 Primary mitochon- 
drial transcripts arc polycistronic and typically contain premature 
termination or unpredictable splice sites, resulting in multiple 
polyadenylated transcripts from individual genes. 70 -* Indeed, the 
overall distribution of platelet- derived mitochondrial SAGE lags is 
quite similar to that found in muscle. 7 -' All 13 genes containing 
MjIIJ sites were detected, whereas neither of the non-A'/V;Jll- 
coiua ining genes were identified | nicotinamide adenine dimrclco- 
Ddc JNAD1IJ dehydrogenase subunit Al :) ikJ adenosine triphos- 
phatase (ATPasel 8). Most of the tags weie horn the I6S and 12$ 
nbosornal RNAs — which collectively accounted for 68% of the 
■ Otnl mitochondrial lags — with the fewest tags represented by 
NADU dehydiogcnasc submiiis 3. 5. b. and cytochrome c oxidase ] 



fl'uStWHAjl IfcSiRWA * ^ NADHI [V HADH3 jggj-i j ^ COI *H C<MI 'H 



ATT*** 



c om 



NADH3 



I WADH4 



| u JJ 14 



M7r 



NADUS 



Figure 3. Schema of the mitochondrial genome wilh SAGE tag distributions 
(only tags with identical matches are displayed}. The abundance of the SAGE 
tags (n ~ 1800) at individual /Vtettl sites (arrows) within the miiocrwndrial fteavy 
strand is shown on the bottom, whereas those tags corresponding lo the mitochon- 
drial tight strand are delineated above the arrows {the presence of an unaccompanied 
arrow implies no SAGE tags al that MotH site). The gene products of mi-DMA 
(RetSeq accession no. NC_001807) are delineated by the open rectangles, whereas 
stippled boxes represent tRNA genes and control regions (the single tag represented 
by, the pj refers to mitc^hondrial transfer RNlA-serine). Note that NADH6 is encoded 
by the fight strand and that there are no A/feHI sites within the ATPase8 gene segment. 
COJnJ, cytochrome c oxidase suborwt; Cyt b, cytochrome b. 

(Figure 3). The NADH dehydrogenase subunit 6 RNA is the only 
mRNA encoded by the light (L) strand of mitochondrial DNA and 
was the least abundantly detected transcript. 

The unusually high preponderance of milochbndriaJ-derived 
genes is no! inconsistent with the known enrichment of these 
genomes in human platelets,'- 34 and presumably reflects persistent 
transcription from the mitochondrial (mt) genome in the absence of 
nuclear-derived transcripts. This overrepresentation of mlDNA in 
platelets is considerably greater than that of its closest cell type 
(skeletal muscle), in which mt genomes represent approximately 
20% to 25% of all SAGE tags. 25 Interestingly, the energy metabo- 
lism of platelets is not dissimilar from that of skeletal muscle, both 
cell types actively using glycolysis and large amounts of glycogen 
for ATP generation. 25 Like muscle, platelets are metabolically 
adapted to rapidly expend large amounts of energy required for 
aggregation, granule release, and clot retraction. Similar to the 
situation in all eukaryotic cells, platelet mitochondria represent the 
primary source of ATP, which is generated from oxidative phosphor- 
ylation reactions occurring within these organelles. Mitochondria 
ore also responsible for most of the toxic reactive oxygen species 
generated as by-products of oxidative phosphorylation and are 
central regulators of the apoptotic process in other cellular types. 
The mtDNA encodes polypeptides found within 4 of the 5 
multi functional complexes th3t regulate oxidative phosphorylation 
within the platelet mitochondria." Whether the continued genera- 
tion of these polypeptides has a role in platelet energy metabolism 
ami/or the apoptotic mechanisms regulating platelet survival re- 
mains speculative, although not inconsistent with our observations. 

Comparative analysis of SAGE and microarray 
transcript abundance 



Complete SAGE libraries require the sequencing of up to 30 000 
tags For an exhaustive cataloging of individual mRNAs, especially 
those wilh limited copy numbers. 13 - F Given the preponderance of 
mt-dcrived transcripts, comparable sampling would have required 
sequence analysis of nearly 300 000 SAGE tags, an inordinate 
number for comprehensive analysis of the platelet iranscriptome. 
For platelets, alternative methodologies incorporating subtractive 
SAGJ: will be required for more comprehensive transcript profil- 
ing.' 1 * Our initint sampling of nonmitochontfrinl genes remains 
informative, however, and entirely consistent wilh. the results of 
platelet microarray s indies. As shown in Table 3, SAGE lags for the 
genes encoding thymosin p*1, 02- microglobulin, neurogr:min : and 
the platelet glycoprotein lb(i polypeptide were among the most 
frequently identified platelet genes, similar to the rank-ordered 
results del ei mined by mjeroariay analysis. To formally confirm the 
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Tabic 3. SAGE-idcntified norwrnlochondrial tags 



Frequency 


CATG + SAGE tags" 


Accession no.J 


Gene 


Mrcroarray? 


26 


GTTGTGGTTAAT CTGGT 


NM_ 004048.1 


p2-miaoglobuBn (B2M), mRNA 


PPP 


21 


TTGGTGAAGGAAGAAGT 


NM_021 109.1 


Thymosin &4 ; X chromosome (TMS84X). mRNA 


P 


8 


AGCT CCGCAGCCAGGTC 


NM_ 002620. t 


Platelet factor 4 variant 1 (PF4VI), mRNA 


C 


8 


AGCTCCGCAGCCGGGTT 


NM_002619.1 


Ptetetel factor 4 (PF4) t mRNA 


P 


7 


T GTAT AAAGACAACCTC 


NM_0O2704.1 


Proplatelet basic protein (p-thromboglobofin) 


Pp 


5 


GGGCACAATGCGG7CCA 


NM_OO0407.1 


Glycoprotein ftp polypeptide. mRNA 


P 


3 


AGGTAA7 AAAAGGTAA7 


NM_003512.1 


H2A Wstone larniry. member L (H2AFL). mRNA 


P 


3 


AGT ggcaagt AAATGGC 


NM_021914.2 


Cofilin 2 (musdej (CFL2), mRNA 


N/A . 




TGACTGTGC1GGGTTGG 


NM_006176.1 


' Neurogranin (protein kinase C substrate, RC3) mRNA 


P 


3 


TT GGGGTTT C CTTT ACC 


NM_ 002032.1 


Ferritin, heavy polypeptide 1 (FTH1), mRNA 


P 


2 


CCCTTGT GACTACCTAT 


NM_025158.1 


Hypothetical protein FU22251 (FLJ22251). mRNA 


N/A 


2 


CC1GTAACCCCAGCTAC 


NM_032779.t 


Hypothetical protein FU14397 (FLJ14397). mRNA 


N/A 


2 


CT7GTAG7CCCAGCTAC 


NM_01796Z1 


Hypothetical protein FLJ20825 (FLJ20825). mRNA 


. N/A 



•Unique tags identified mom than once. 

1 Refers to the RelSeq accession no. 3 ' Note that this number does not necessity correspond to the accession no. provrded byAflymetnx software annotations (Table 1). 

iPresence (P) or absence (A) is based oh results from 3 distinct ptotelet microarray experiments. CapitaBzed TT designates a gene that is in the top 50 on aB 3 m .croon ay 
experiments whereas smaD 'p' designates those transcripts not in the top 50. Two of the genes (pZ-microgtobuIm and p-thromtxjQtobufinj are represented by 3 and 2 probe 
sets, respectively, on the HGU95Av2 gene chip; for P2-M. all 3 probe sets were in the top 50 genes, whereas for thymosin (M 1 of 2 was. in the. top 50 for all experiments (the 
other probe set was m the top 75 for all experiments). N/A indicates ofigonucleolide not present on Afrymetru HG-U95Av2 gene chip. 



results independently obtained by SAGE and microairay analysis, 
quantitative RT-PCR was completed by using oligonucleotide 
pTimers specific for 2 abundant mitochondrial transcripts, 16S 
rRNA and NADH2 thymosin p4 (high- abundance by microarray 
and SAGE), 2 incompletely characterized high-abundance tran- 
scripts (neurogranin and clusterin; see "Protein immunoanalysis of 
platelet clusterin and neurogranin"), a low- abundant transcript 
(T-cell receptor polypeptide), and the genes encoding proteins . 
with well-established quantitative determinations (ie, glycoprotein 
a nn p3 [—50 000 reccplors/plaieleij; protease-activated receptor- 1 
(PARI) [-1800 receptors/platelet)). ' As shown in Figure 4, these 
analyses reveaj excellent concordance between SAGE and microar- 
ray studies, demonstrating the predominant frequency of the 
mitochondrial- derived I6S rRNA/NADH2 transcripts, with incre- 
mentally lower expression of other transcripts as initially demon- 
strated by microarray (1 6S > NADH2 > thymosin 04 > neurogra- 
nin > clusterin > o, )0 p., > PARI > TCRP). 

Given the small number of nonmitochondrial SAGE lags 
available for analysis (n = 233), limited conclusions can be drawn 
using traditional (nonsubtraction) platelet SAGE libraries as prc- 




■ Figure 4. Ounnlilalive ictMimc FU-PCR ana ty its of platelet transcripts. Real- 
time RT-PCR was tomplotod by us,inp. pimfietf platelet RMA anil oligonucleotide 
primer pairs ipfictftcolly ik*:.igned using Piimei3 sutlvvaie to generate sirnilaily-Mzed 
(-200- bp) PCR pioUucts. oplimi;cil <o Hit* M»me annealing temperature. In graph. 
(O) represents lib. t»J lepn'i-cnis lira, |.^) represents PARI. f» represents tf>S 
iRNA. (\ ) represent s NADU?. (▼) iep»ei<?'»l& thymosin, (O) represents clusterin (♦) 
represents nem oor anin. an J t») lepitrsr-nt.s. T CP[i Curves aie r epresentative ol one 
complete set ol e> penmen!;, jrepeatett i-.vk.i_ 1 }, and line plols reflect average 
(ieter>n'inati(ir>^ tium 3 wet 1 !- tomied in nar..Hp' with SEM less than 1% tor all 
data points. 



sented here. Overall, a total of 126 unique tags were identified, the 
majority of which (94) were represented only once. Of the total 
unique tags, nearry one half represented novel genes hot present on 
the Asymetrix U95Av2 GeneCbip. Of the genes with unique tags 
identified more than once, there was excellent concordance with 
microarray expression analysis, with nearly all of the SAGE tags in 
Table 3 corresponding to platelet top 75 microarray transcripts. The 
platelet factor (PF) 4 variant represents a single aberration because 
this was rank-ordered approximately 350 by microarray, although, 
its SAGE tag frequency was identical to that of the predominant 
PF4 transcript. The lack of extensive nonmitochondrial SAGE 
sampling precludes any further extrapolations from this apparent 
aberration. Of note, a subset of these tags had long poly(A) tracts; 
although Ihcy all corresponded to genes identified in the RefScq 
database. 71 We cannot exclude the possibility of a SAGE artifact 
for this small subset of tags (-2%, representing 46 of 2033 lags), 
although the authenticity of the vast majority of tags (—98%) 
clearly validates the methodology. These tags are most likely 
explained by the unique biology of the platelet (ie, mRNA decay in 
the absence of de novo transcription) or to mR_NA degradation 
occurring during the extensive purification methods. In summary., 
even with a remarkably limited sampling, the power of this 
approach in gene identification of relatively abundant and less 
abundant transcripts is evident. It is clear, however, given the 
unique molecular anatomy of the platelet (ie. abundance of 
mitochondria) transcripts), that SAGE adaptations will be required 
for more comprehensive genetic profiling." 

Protein immurioanatysis of platelet clusterin and nenrorjranin 

Although most of the "most abundant" transcripts would conform 
to n priori predictions for platelet-expressed mR-NAs, a number of 
transcripts were identified that had been poorly characterized in 
human platelets. To further establish the authenticity of highly 
expressed transcripts such as clusterin and neurogranin, confirma- 
tory protein analyses were completed. As shown in Figure 5, both 
proteins weir clrarlv delected in purified platelet lysines: further- 
more, the it celltilat platelet distributions conformed to those 
predicted based on previously proposed functions. Nolc for ex- 
ample that clusterin — functionally characterized as a complement 
lvsis inhibitor able to Mock the terminal complement reaction — is 
primarily expressed on the extracellular platelet membrane. J " 
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* Figure 5. IrrununoanarysJs ©I pbrtetet neurogranin and 
chisterin. (A-D) Get-fittered platelets, wot eilher fcted in 
Uis 3J% fomiakfeh^ Inonpenne^^ 

- 217 abifeafion in the presence of 0.1% TrtorvX; followed by Oow 

- its cytometry anarysisi£>ing3r^^ , 

rograntn anflxxSes and the FrTC-ccnjutp»ed spodes- 
spodftc secondary anSbody (in ; C. the FITCtonjugated 
_ anSrabb* and aniimouse control are osscrtfoDy superim- 
posed). (E-f) Ten micrograms of scrubifizod HepG2 ceBs 
(hepatDcyte ceB tr*e). human brain, or purified platelet tysates 
were analyzed by SDS^PAGE," and immtfwbW anarysis 
were completed by using t:1000 uTJuttoris of either anfineiwo- 
granfn (18% SDS-PAGE) cr anfcjustefin (8% SOSPAGE) 
antibodies. The antidostcrin, antfcody recognized 2 platelet 
knmunoreactive species under, shorter exposure. Although 
the relative neuogroren and dusterin protein abundances 
are suboptimoDy quantified by Iheso.arbryses. pbtetet dus- 
ter* appears lo ctemonstrate ronsidei^expresskDnwhen 
compared wSh that previously irier^odinhepatoqiftes.^ 



Given the importance of complement activation in platelel destruc- 
tion, the prominent expression of cell-surface chisterin might 
suggest a role for this protein in normal and pathologic events 
regulating platelet survival. Interestingly, a clusterin-deficient 
knockout mouse has been generated that demonstrates enhanced 
cardiac dysfunction' in a model of autoimmune myocarditis. 31 
Although these mice apparently have normal baseline hemograms 
(B. Aronow, personal communication, October 2002), it remains 
uneslablished if they would be predisposed to immune- type 
thrombocytopenia in systemic models of autoimmunity. 

Similarly, the gene encoding an intracellular effector protein 
that may have key roles in downstream platelet activation events 
has now been demonstrated to have abundant transcript expression 
in human platelets. Neurogranin is a highly expressed platelet 
transcript with its gene product demonstrating a primarily iniracel- 
Jnlar pattern of distribution. Neurogranin is generally described as a 
brain- specific, Ca 2 * -sensitive calmodul in-binding pbosphoprotein 
lhat is preferentially expressed in neuronal cell bodies and den- 
drites."-" li is a specific protein kinase C (PKC) substrate that can 
also be modified by nitric oxide and other oxidants to form 
intramolecular disulfide bonds. Both its phosphorylation and 
oxidation state .attenuate its binding affinity for calmodulin." In 
stimulated platelets. PKC generation is linked to various activation 
pathways such as calchmvregnlated kinases, mitogen- activated 
protein (MAP) kinases, and receptor tyrosine kinases.' Thus, these 
observations suggest lhal platelet neurogranin may function as a 
previously unidentified, component of a PKC- dependent activation 
pathway coupled lo one (or more) of these effector prolcins. 



Discussion 



a mixed population of variably aged platelets, a "static'* mRNA 
profile represents an average of this heterogeneous blood pool. 
Despite these potential limitations, the combination of genomic 
and proteomic technologies are lifcejy to provide powerful tools for 
the global analysis of platelet function. Current strategies for 
cataloging "whole cellular proteomes" are generally accomplished 
by using 2 developing methodologies:,( I) high resolution 2-dimen- 
sional polyacrylamide gel electrophoresis (2-DE) with mass spec- 
trometric sequence identification, 34 and (2) microcapiilary liquid 
chromatography with tandem mass spectrometry (pXC-MC/ 
MQ. 35 Further modifications of both procedures have been devised 
for direct comparative studies between 2 cellular proteomes. The 
introduction of 2-DE differential gel electrophoresis has now made 
it possible to delect and quantify differences between experimental 
sample pairs resolved on ihe same 2-dimensional gel. 36 Likewise, 
Ihe application of isotope-coded affinity tags to uXC-MC/MC 
represent a novel means of quantitative analyses between cellular 
proteomes. 37 The success of both approaches relies on Ihe availabil- 
ity of comprehensive genomic databases and mathematical algo- 
rithms for optima] protein identificalion. Indeed, mathematical 
modeling studies have demonstrated the need to delineate both 
protein and mRNA expression levels for optimal definition of 
intracellular networks. 35 Our data present an initial framework for 
delineating platelet function by defining the molecular anatomy of 
human platelets, information lhat is likely to provide important 
clues into the dynamic protein interactions regulating normal and 
pathologic platelet functions. Furthermore, because the platelet 
transcriptome mirrors the mRNAs derived from precursor 
megakaryocytes, these analyses may provide insights into the 
biochemical and molecular events regulating megakaryocytopoi- 
esis nmt/or proplatelel formation. 



These data provide documentation for a unique platelet mRNA 
profile lhat may provide a tool for analyzing platelet molecular 
networks. Nonetheless, the molecular analysis of the platelet 
iranscriptome mav be confounded by the constant decay of 
mRNAs in the absence of new gene transcription, a siniation that 
mav. for example, limit the identificalion of low- abundance 
transcripts. Similarly, because the circulating platelet pool contains 



Acknowledgments 

We thank Dr Maureen Kxntise : Jean Wnincr. and Lesley Scudder for 
assistance with some of the experiments; John Sclnvcdes (Univer- 
sity ON A microanay facility) with the micrparray analysis; and Ms 
Shi) lev Murray fot manuscript preparation. 



References 



Sie'mbc'tn P. HtH R. Platelets ai»U megokopyo- 
cytes. In: t e R. *?t cds.-VVmtrobe's Clinical He- 
mrdolony. GaUimoi p. MO: Williams & Wilkins: 
109P 

Kewinar> P. GoiiA.i J, While G. GidwiU S. Oelney 
C. A:.;l i R Knjymalic aiiipMic-ilion ot plate 



specific oieiiengei RfJ£ us my the put> met ase 
chain » par. lion J On Invest. M l HB:8?:73$-'i43. 
Kieflei N. Gu'.thauJ J. f aicel J. Va'mcbenkei W, 
nietorvGotitir. J Bicc.ynlhCM:. ot ma jot piat^lH 
pt oleins in tinman blend plate I ^i:- frm J Hiochtini 



Weytich A. D»on D, Patrta R. el a'. Signal-<Jepe» 
ctent translation Ol 3 regulatory protein. Del-?, in 
activated human ptalelets, P/ot Nat Acad So 
USA 1990.!>i>.Sbi>6 .a%G1. 



OenecK' BJ. I3en 7e'< 
ol mRNA produttion. 



u A, Prnmw S 1 he cunliol 
ans'alion :hk) tuino^ei in 



BLOOD, 15 MARCH 2003* VOLUME 101, NUMBER 6 



PLATELET TRANSCRIPT PROFILING- 2293 



suspended and reattached anchorage-dependent 
fibroblasts. CeP. 1978;14:931-939. 

6. PabIaR,WeyricbAS.Db<onDA,elai. Integiirv 
dependenl control of translation: engagement of 
integrin alphaJIbbeta3 regulates synthesis ol pro- 
teins in activated human platelets. J Cell Biol. 
1999:144:175-184. 

7. Chicuret ME. Singer RH, Meyer CJ, Ingber DE. 
tntegrin binding and mechanical tension induce 
movement of mRNA and ribosomes to local ad- 
hesions. Nature. 1 998:392730-733. 

8. Lindemann S. Toltey N. Eyre J. Kraiss L. Ma- 
honey T. Weyrtch A. tnlegrins regulate the intra* 
ccDular distribution of eukaryolic initiation factor 
4E in platelets. J Biol Chem. 2001;276:33947- 
33951. 

9. Brown EJ. Schreiber SL A signaling pathway to 
transblwnal control. Cell. 1996;86:517-520. 

10. Rtnder H. Schuster J. Rinder C. Wang C. Scbw- 

' . seidler H, Smith B. Correlation of thrombosis with 
increased platelet turnover in thrombocytosis. 
Blood. 1998;91:1288-1294. 

11. Richards E. BagBn T. Cruantitation ol reticulated 
platelets: methodology and clinical application. 
Br Jltaemator. 1935:91:445-451. 

12. Robinson M. Mackie I, Khair K. et al. Flow cyto- 
metric analysis ol reticulaied platelets: evidence 
for. a large proportion of non-specific labelling of 

. dense granules by fluorescent dyes. Br J Hema- 
tol. 1998;100:351-357. 

13. Velculescu V, Zhang L. Vogetstein B. Kinzler K. 
' Serial analysis of gene depression. Science. 

1995;270:484-487. 

14. Zriang L. Zhou W, Velculescu V, el at. Gene ex- 
pression profiles in normal and cancer cells. Sci- 
ence. 1997;276:1268-1272. 

15. Moiin PJ, Spatks AB. Korinek V. el at. Activation 
ol beta-catenin-Tcf signaling in colon cancer by 
mutations in bcta-calenin or APC. Science. 1997; 
275:1787-1790. 

16. Bahou W. Campbell A. Wicha M. cDNA cloning 
and molecular characterization of MSE55: a 



• ' novel human serum constituent protein thai dfe- 
plays bone marrow stromal, endothelial ceB-spe- 
cific expression. J Biol Chem. 1992267:1 3986- 
13992. 

17. BahouW.CoDerB.PonerC,^foTtonK.KulokJ. 
Gofigorsky M. The thrombin receptor extraceMar. 
domain contains sites crucial lor peptide Cgand- 
bduced activation. J CBn Invest. 1993:91:1405- 

( 1413. 

18. Heid C. Stevens J, Lrvak K. Williams P. Real-fane 
quantitative PCR. Genome Res. 1996;6:986-994. 

19. Durm J, McCorkle S. Praissman L; el at. Genome 
signature tags (GSTs): 3 system lor profiling 
genomic DMA. Nucleic Acid Res, 200129:137- 
140. 

20. Krotl T, Wolf) S. Ranking: a closer look on gtobal- 
i2ation methods for normalization of gene expres- 
sion arrays. Nucleic Acids Res. 2002;30:e50. 

21. Pruitt KD, Maglott DR. RelSeqandLocusLink; . 
NCBI gene-centered resources. Nucleic Acids 
Res. 200129:137-140. 

22. Fox JE, Boyles JK. Reynolds CC. Phillips Da 
Actin filament content and organization in un- 
stimulated platelets. J Cot) Biol 1984;98:1985- 
1991. 

23. Safer D, Ebmga M, Nachmias VT. Thymosin beta 
4 and Fx. an actrn-sequestering peptide, are in- 
distinguishable. J Biol Chem. 1 99 1 ;266:4 029- 
4032. 

24. Wallace DC. Mouse models for mitochondrial dis- 
ease. Am J Med Genel. 2001:106:71-93. 

25. Welle S. Bhatt K, Thornton C. Inventory of high- 
abundance rnRNAs in skelelal muscle of normal 
men. Genome Res. 1999;9:506-513. 

26. Karpatkin S. Char mate A. Langer RM. Gly oogen- 
esis and gtyconeogenesis in human platelets. 
Incorporation ol gtucose. pyruvate, and citrate 
into platelet glycogen; glycogen synthetase and 
truclose-1.6-diphosphatase activity. J Clin Invesl. 
1970;49:140-149. 

27. Roho S. Robinson BH. Mitochondria, oxygen free 
radicals, and apoptosis. Am J Med Genet. 2001; 
106:62-70. " 



28. YuJ.ZhangUflvrfangP.Jf^akih^ . 
gelstem B. Identification and classification of p53- 
looxilaledgejie^Prc^NaJAradSciUSA, 1999; 
96:14517-14522. . .: 

29. Wang E. Miller L. Ohwnacht G; Liu E, Marincola 
F. High-fidelity mRNA amplification tor gene profil- 
ing. Nat Bio'technoL 2000;18:157-459. 

30. Kirs2baumUShafpe JAMu^B;etal.Mo-. . 
lecular cloning and characterization of the novel, 
human complement-associated protelrv 
SP-40.40: a link between the complemont and 
reproductive systems. EMBO X 1989;8:711-718. 

31. McLaughlin L.ZhoG. Mistry M. ot 3l. Apofipopro- 
lein J/duslerin Rmits the ■severity of murine auto- 
immune myocarditis- J Clin Invest; 2000;6: 1105- 
1113. 

32. Man^zDA.Perbz JU Berria^^C^tomaA. 
Structure, organization, and'enr omosomal map- 
ping ol Ihe human nouroojawn genB.{NRGN). 
Genomics. 1 997 ;4 1:243249,. 

33. Wu J, U J. Huang K, Huang F. Attenuation of PKC 
and PKA signal transduction in the neurogranin 
knockout mouse. J Biol Chem. 2002277:19498- 
19505. ; 

34. GygiS.RochohY.F/anzaB.Aebersold ft ; Corre- 
lation between protein and mRNA abundance in 
yeast. Met Cell Biol. 1999;19:1720-1730. 

35. Link A. Eng J, Schiottz DM, el al. Direct analysis 
of protein complexes using mass spectrometry. 
Nat Biotechnol. 1999;17:676-682. 

' 36. Unlu M, Morgan M, Mindeft J. Difference gel elec- 
trophoresis: a single gel method for detecting 
changes "m protein extracts. Electrophoresis. 
1997;18:2071-2077. 

37. GygiS.RistB.GerberSA.TurecekF.GelbMH. 
AebersokJ R. Quantitative analysis ol complex 
protein mixtures using isotope-coded affinity tags. 
Nat Biotechnol. 1999;17:994-999. 

38, Hatt2manikalis V. lee K. Dynamical analysis ol 
gene networks requires both mRNA and pioloin 
expression information. MelabolEng. 1999;1: 
275-281. 



304 d^^l 3^2221A UR 14 - 273 (33>:21 161-8. Related Articles. Links 




Overexpression of a DEAD box protein (DDX1) in neuroblastoma and 
retinoblastoma cell lines. 

Godbout Packer M , Bie W. 

Department of Oncology, Cross Cancer Institute and University of Alberta, 1 1560 
University Ave., Edmonton, Alberta T6G 1 Z2, Canada. 

The DEAD box gene, DDX1 , is a putative RNA helicase that is co-amplified with 
MYCN in a subset of retinoblastoma (RB) and neuroblastoma (NB) rumors and cell lines. 
Although gene amplification usually involves hundreds to thousands of kilobase pairs of 
DNA, a number of studies suggest that co-amplified genes are only overexpressed if they 
provide a selective advantage to the cells in which they are amplified. Here, we further 
characterize DDX1 by identifying its putative transcription and translation initiation sites. 
We analyze DDX1 protein levels in MYCN/DDX 1 -amplified NB and RB cell lines using 
polyclonal antibodies specific to DDX1 and show that there is a good correlation with 
DDX1 gene copy number, DDX1 transcript levels, and DDX 1 protein levels in all cell 
lines studied. DDX1 protein is found in both the nucleus and cytoplasm of DDX1- 
amphiied lines but is localized primarily to the nucleus of nonamphfied cells. Our results 
indicate that DDX1 may be involved in either the formation or progression of a subset of 
NB and RB rumors and suggest that DDX1 normally plays a role in the metabolism of 
RNAs located in the nucleus of the cell. 
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Institute of Biophysics Carlos Chagas Filho, UFRJ, Brazil. 

bSrevX'Sr f nt ^ZT mUniCat[ ° n Via W i-clion, was investigated 
~i g ' Under ,OW and h,gh states, and upon treatment of the 

(P^fceSr^ 7^ aCtiVat ° rS ° f Pr0tdn UMe A < PKA > - d P-teintna e C 

PCrSST h a , ' ° n reaChmg confluence » the ce »s uncoupled. Western blots and RT- 
PCR revealed ftat connexm 43 (Cx43) was abundantly expressed in TM3 Leydig cells 

I CreaSC m CeU - Ce,, °°«™«»*ication. Staurosporin, an inhibitor of 
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modulator of hormone secretion in TM3 cells. . 

PM1D: 12740021 [PubMed - indexed for MEDLINE] 



64: Acta Biochim Pol. 2003;50(4): 1065-73. - ". Related Articles, Links 

i lAclaOlorlilniioi' 
;■■ Pn»l«>filCJ frgei 

Expression level of Ubc9 protein in rat tissues. 

Goicbiowski F, Sz»lc A, Sakowicz M , Szutowicz A . Pawelczvk T 

Department of Molecular Medicine, Medical University of Gdansk, 80-2 1 1 Gdansk 
Poland. ' 

Ubc9isahomologueof^ 

cova lent linking of SUMO-1 molecule to the target protein. In this report we describe a 
simple and efficient method for obtaining pure human recombinant Ubc9 protein The 
purified Ubc9 retained its native structure and was fully active in an in vitro sumoylation 
assay with the promyelocyte leukaemia (PML) peptide as a substrate. In order to better 
understand the physiology of Ubc9 protein we examined its levels in several rat tissues 
Immunoblot analyses perfoimed on tissue extracts revealed quantitative and qualitative 
differences in the expression pattern of Ubc9: The Ubc9 protein was present at a high 
level m spleen and lung. Moderate level of Ubc9 was detected in kidney and liver Low 
amount of Ubc9 was observed in brain, whereas the 18 kDa band of Ubc9 was barely 
visible or absent in heart and skeletal muscle. In heart and muscle extracts the Ubc9 
antibodies recognized a 38 kDa protein band. This band was not visible in extracts of 
other rat tissues. A comparison of the relative levels of Ubc9 mRNA and protein 
indicated that the overall expression level of Ubc9 was the highest in spleen and lung In 
spleen, lung, kidney, brain, liver and heart there was a good correlation between the 1 8 
kDa protein and Ubc9 mRNA levels. In skeletal muscle the Ubc9 mRNA level was 
unproport.onally high comparing to the level of the 18 kDa protein. The presented data 
indicate that in the rat the expression of the Ubc9 protein appears to have some degree of 
tissue specificity. 
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of the enrichment of features in the cellular 
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ABSTRACT 

Motivation: Protein abundance is related to mRNA 
expression through many different, cellular processes. 
Up to now, there have been conflicting results on how 
correlated the levels of these two quantities are. Given that 
expression and abundance data are significantly more 
complex and noisy than the underlying genomic sequence 
information, it is reasonable to simplify and average them 
in terms of broad proteorhic categories and features (e.g. 
functions or secondary structures), lor understanding their 
relationship. Furthermore, it will be essential to integrate, 
within a common framework, the results, of many varied 
experiments by different investigators. This will allow one 
to survey the characteristics of highly expressed genes 
and proteins. 

Results: To this end, we outline a formalism tor merging 
and scaling many different gene expression and protein 
abundance data sets into a comprehensive reference 
set, and we develop on approach tor analyzing this in 
terms of broad categories, such as composition, (unction, 
structure and localization. As the various experiments are 
not always done using the same set of genes, sampling 
bias becomes a central issue, and our formalism is 
designed lo explicitly show this and correct tor it. We apply 
our formalism to the currently available gene expression 
and protein abundance data tor yeast. Overall, we found 
substantial agreement between gene expression and 
protein abundance, in terms of the enrichment of structural 
and functional categories. This agreement, which was 
considerably greater than the simple correlation between 
these quantities for individual genes, reflects the way 
broad categories collect many individual measurements 
into simple, robusl averages. In particular, we lound 
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that in comparison to the population of genes in the 
yeast genome, the cellular populations of transcripts and 
proteins (weighted by their respective abundances, the 
transcriptome and what we dub the Iranslatome) were both 
enriched in: (i) the smalt amino acids Vat, Gty, and Ala; 
(ii) low molecular weight proteins; (iti) helices and sheets 
relative to coils; (iv) cytoplasmic proteins relative to nuclear 
ones; and (v) proteins involved in 'protein synthesis,' 'cell 
structure,' and "energy production/ 

Supplementary information: http://genecensus.org/ 

expression/translatome 

Contact: mark.gerstein@yale.edu 

INTRODUCTION 

High throughput experimentation, measuring mRNA 
(Schena et ai, 1995; Eisen and Brown, 1999; Ferea 
and Brown, J 999; Lipshutz et al., 1999) and protein 
expression (Anderson and Seilhamer, 1997; Futcher et ni, 
1999; Gygi et ol. 7 1999a; Ross- Mac dona Id ei al t J999; 
Lopez, 2000; MacBeaih and Schreiber, 2000; Nelson 
et n/. T 2000; Zbu et n/„ 2000) are currently the single 
richest source of genomic information. However, how io 
best interpret this data is stilt an open question (Basset l 
et.ai, J996; Wities and Friedman, 1999; Zhang, J 999; 
Gerstein and Jansen, 2000: Searls, 2000: Sherlock, 2000;' 
Clave, je, 1999; Einarson and Golemis, 2000; Epstein and 
Butow, 2000; Shapiro and Harris, 2000). Understanding 
how protein abundance is related to mRNA transcript 
levels is essential for interpreting gene expression, protein 
interactions, structures and functions in a cellular sys- 
tem (Batzimanikatis etal., 1 999). Moreover, as protein 
concentration is the more relevant variable with respect 
to enzyme activity, it connects genomics to the physical 
chemistry of the cell (Kidd et n/_, 2001). Protein abun- 
dance may also be invaluable for diagnostics and (or 
determining drug targets (Coithals ei at.. 2000). 
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Previously, we surveyed the population of protein 
features — such as folds, amino acid composition, and 
functions — in yeast, and other recently sequenced 
genomes (Gerstein, 1997, 19988,6; Gerstein and Hegyi, 
1998; Hegyi and Gerstein, J 999; Das and Gerstein, 
2000; Lin and Gerstein, 2000), and we exlended this 
concept . to compare the population of features in the 
yeast transcript ome to that in the genome (Drawid et 
oi r 2000; Jansen and Gerstein, 2000). Others have also 
done related work (Frishman and Mewes, 1997; Tatusov 
et ai y 1997; Jones, 1998; Wallin and von Heijne, 1998; 
Frishman and Mewes, 1999; Wolf et al, 1999). Here, we 
present a new methodology to compare the features of the 
. mRNA expression population with the protein abundance 
population. 

Precise terminology is essential for this comparison. 
Unfortunately, 'proteome' is used, inconsistently. Pro- 
teome can logically be used to describe all the distinct 
proteins in the genome (Qi et aL, 1996; Cavalcoli et al. y 
1997; Fey et al, 1997; Carrels et ai, J997; Gaasterland, 
1999; Jones, 1999; SaJi, 1999; Tekaia et al, 1999; 
Bairoch, 2000; Cambillau and Claverie, 2000; Dooliltle, 
2000; Pandey and Mann, 2000; Rubin et ai, 2000) and, 
in this context, it is equivalent to what others may refer 
to as the coding part of the genome. However, in papers 
on two-dimensional (2D) electrophoresis, it is often used 
to describe the sum total of proteins in a cell, taking 
into account the different levels of protein abundance 
(Shevchenko et ai, 1996; Gygi et ai, 2000a; Lopez, 
2000; Washburn and Yates,. 2000). Jn an effort to be clear, 
we propose the term 'translatome" for this second usage 
of prole ome. 

With this definition, we are able to refer compactly to 
three different cellular populations. These are illustrated 
in Figure I. 

(i) We use "the term genome when we refer to the 
population of open rending frames where each ORF 
counts once. 

(ii) We use the term transcriptome when we refer to 
the population of mRNA transcripts. This term was 
originally coined by Velculescn et ai (1997). Note 
that each ORF may give rise io different numbeis 
of transcripts. Consequently, the transcript ome is 
essentially the same as the genome but with each 
ORF weighted by its expression level, 
(iii) The next levd is the cellular population of proteins. 
As each protein represents a translated transcript, 
we make an analogy with the teim transcript ome 
and use the term trnnslaromc as described above 
to describe this third population. Thus, the trans- 
latome is a subset of the genome where each 
ORF is weighted by its associated level of piotcin 
abundance. 



Note that one could also, less compactly call the trans- 
latome a 'weighted proteome.* However, doing so assumes 
one of the two aforementioned definitions of proteome. To 
avoid ambiguity, we studiously avoid the use of proteome 
altogether in the paper. 

Differences between the translatome and the transcrip- 
tome exist given that transcripts from different genes 
can give rise to different numbers of proteins, due to 
different rates of translation and protein degradation. 
Post-transcriptional modifications further affect the 
translatome. 

In our analysis of the transcriptome and translatome, we 
focus on global protein features rather than the compari- 
son of individual genes. Previous analyses have shown that 
differences between mRNA expression and protein abun- 
dance levels can be quite dramatic for individual genes. 
This may either be due to the noise in the data or to funda- 
mental biological processes. However, our analyses show 
that the variation between transcriptome and translatome 
is much smaller for global properties that are computed by 
averaging over the propenies of. many individual genes. 

METHODS 
Data sources used 

For our analysis we culled many divergent data sets,, 
representing protein abundance and mRNA expression 
experiments and also other sources of genome annotation. 
These are all summarized in Tabic J. 

Biases in the data 

The databases that annotate the specific genes may 
not always be accurate (lshii et ai, 2000). Gene Chip 
experiments suffer with regard to cross hybridization 
and the saturation of probes. SAGE data degrades for 
lowly expressed mRNAs. 2D gels are unable to resolve 
membrane proteins (approximately 30% of the genome) 
and basic proteins (Gerstein, 1998c; Krogh et ai, 2001). 
In addition, the procedures for identification and quan- 
tification of the protein spots are subject to uncertainties 
(Haynes and Yates, 2000). Human biases include the 
lack of low abundance proteins (Fey and Larsen, 2001; 
Gygi et ai, 2000b; Harry et. ai, 2000) and the differences 
between laboratories in sample preparation. Our reference 
expression data set attempts io resolve these problems. 

Data set scaling 

A reference set for mRNA e.ipression. With many differ- 
ent mRNA expression data .rets available, it is worthwhile 
to integrate them into a single unified reference set, with 
the intention of reducing the noise and errors contained in 
the individual data sets and io obtain a unified estimate of 
the normal expression state in a cell. 
We adopt ;ui iterative scaling and merging formalism, 
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Fig. 1. Schematic overview of ihe analysis. On the Jefl-side we outline the terms we use to describe the process of gene expression. The 
coding section of the genome is transcribed into a population of mRNA transcripts called the 'trahscriplome.* The transcripts in turn are 
translated to a population of proteins; we use the term 'translatome' for this protein population rather than the alternative 'proteome' because 
the latter term may be confounded with the protein complement of the genome (which is not necessarily associated with a quantitative 
abundance level). 

The matrix in the middle schematically shows an analysis of the three stages of expression. In general, we define a protein 'population' as 
a set of genes associated with a corresponding number of expression or abundance levels ( weights*); In the matrix each row represents a 
weight and each column a gene set. In particular, we differentiate between the mRNA reference expression set (GmRNA = g Gcd)> wru *ch 
essentially covers the complete genome, and the reference protein abundance set (Gp, ol ) which contains the proteins in data sets 2-DE#l and 
2-DE #2 {see Table I) because the protein abundance set is a significantly smaller subset of the genome. By definition, this subset contains 
only proteins that can be identified by 2 D gel electrophoresis and is therefore biased in this sense. The enrichment figures throughout this 
paper, through a comparison of the right- and left-sides of this figure, show ihe results of the experimental biases of 2D gels on the data set. 
Each pie chart represents a composition of a particular protein feature F (for instance, an amino acid composition) in a population (represented 
by the symbol ;i). We can further look at the 'enrichment' of ihis feature in one population lelative to another (represented by the symbol A, 
see Section "Methods* for an explanation of the fonnalism). 



which we summarize below. We present a more detailed 
review of the methods on our web site. 

We start with the values of one gene chip data set 0; 
where / is used throughout as a subscript to denote gene 
number. We then transform the values of the next Gene 
Chip data set X, to Y- t with the following non-linear regres- 
sion: min£ ( . (Y; - U,) 7 with Y { = AX? where A and B 
are the parameters of the regression". Note that two Gene 
Chip sets may ncn be de lined for the same sel of genes, 
so we have lo perform the fit only over the genes com- 
mon to both sets. The motivation for scaling is thai the 
dynamic range ol observed expression levels varies some- 
what between different data sets : although cell types and 
growth conditions are very similar. Reasons for dispar- 
ity may include diffeicnt calibration procedures for relat- 
ing fluorescence intensity io a cellular concentration (mea- 
sured in copies of iransctipts pet cell) or different pro- 
tocols for hat vesting and jeverse-iransciibing the cellular 
mRNA. 

We then merge and avnage the data to create a new 



reference set V as follows: 

If V, and Yi are both defined for °ene r and — — < a 

Yi -f U; 

Then V, = l(Yi + U;) 

FJse if only Y t exists, V; — Yi 

Else V; = U h 

As presented above, where only one data set has a value 
for the corresponding ORF, we incorporated that value 
and did not exclude it. When both data sets have values 
for an ORF. we averaged the values if they were within 
I5*7f of each other; otherwise, we just stayed with the 
original chip data set Ui. We used a = )5% in order to 
prevent outliers from skewing the result. This 15?c value is 
a reasonable ihieshold for excluding outliers though other 
values (e.g. 10 oi 20%) would give similar results (data 
not shown). 0)he» data sets are subsequently included in 
the same pioceduie. continuing the iteration from the new 
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expression values V t . The initial iteration starts with the 
Young Expression Set, as U tt since we have the highest 
confidence in its accuracy. 

The SAGE data (Velculescu et ai, J 997) was not 
included in the above procedure si/rce it is of a funda- 
mentally different nature. An advantage of the SAGE 
technology over Gene Chips is that there is no possible 
signal saturation for high expression levels, as is possible 
for chips (Futcher et al, 1999). Conversely, SAGE values 
are less reliable for lowly expressed genes since there 
is a chance that one might not sequence a SAGE tag 
corresponding to such a gene altogether. Therefore, if 
after the last iteration, the average Gene Chip expression 
level V, was both above a certain threshold and below 
the SAGE expression level for the same gene, it was re- 
placed with the SAGE value; otherwise the average Gene 
Chip value was kept. This gave us our final expression 
set w m jt NA . Our treatment of the SAGE data is modeled 
after thai in Futcher et ai (1999), and like them, we used 
£ = 16. 

This incorporation of the SAGE data into the reference 
data set ensures that the highly expressed outliers are as 
accurate as possible. 

Rather than plain arithmetic averaging, this overall scal- 
ing procedure with the ce cutoff avoids artificial averages' 
that combine very different values for a particular gene. 
Some expression values might be statistical outliers. In 
addition, it may be possible that the expression levels of 
3 variety of genes can only be within mutually exclusive 
ranges or modes, such as when two alternative pathways 
are switched on or off. Simply averaging these would give 
values thai are less representative of the particular mode 
values. This situation is analogous to that in averaging 
together an ensemble of protein structures (i.e from NMR 
structure determination). Each structure could be siereo- 
chemically correct, with all side-chain atoms in predefined 
rotamer configurations. However, an average of all struc- 
tures could yield one that is stereochemical^ incorrect if 
this involved averaging over particular side chains in dif- 
ferent rotameric states. 

With regard to our regression analysis, we have investi- 
gated both non- linear and linear fits but found a non- linear 
procedure to be more advantageous. The non- linear rela- 
tionship between different expression data sets perhaps 
reflects saturation in one or more of the Gene Chips — not 
an uncommon phenomenon. This non-linearity is imme- 
diately evident on scatter plots ol" two data sets against 
one another (see website). Accordingly: the non- linear 
fit produces a smaller residual than the linear fit: VS 297 
(non- linear) versus 122 182 (linear) lot the scaling of the 
Church data set and 59 828 (non-linear) versus 67 '162 
(linear) fot the Samson data set. 



A reference set for protein abundance. We followed a 
similar procedure to calculate a reference protein abun- 
dance set from the two gel electrophoresis data sets. We 
first scaled the two data sets against the mRNA expres- 
sion reference data set, getting regression parameters Cj 
andZ)j-: 

where the subscript j indicates the data set 2-DE #1 or 
2-DE #2 respectively; P t j is the pTotein abundance value 
in data set j, and w m ^ A i the corresponding reference 
expression value, and Cj and Dj are the parameters of 
the non-linear regression. 

Using these parameters, we transformed the values of set 
2-DE #2 onto 2-DE #J. Then we combined both sets into 
the reference protein set Wfrot by averaging them, if both 
values existed. Otherwise, by using the existing value, viz: 

,p \D t /D 2 

a ,.c,(f) 

u/Piou ■= {Pa + £>u)/2 «f both Pa and Q u exist. 
Else if only Pj j exists, wp f0( j — Pij 
Else if Q t 2 exists, wpm.i ~ <2;.2- 

Enrichment of features 

Formalism. Jn the next part of our analysis, we want 
to group a number of proteins together into various 
categories based on common features, and characterize 
those features that are enriched in one population relative 
to another, i.e. the translatome population of proteins 
as measured by 2D gels relative to the inmscriptome 
population of transcripts or the genome population of 
genes. To this end, we set up a formalism that could 
be applied universally to all the attributes that we were 
interested in. Due to the limitations of the experiments, 
the translatome, transcriplome, and genome populations 
are defined on different sets of genes, and sometimes we 
want to remove this 'selection bias' by forcing ihem to be 
compared on exactly the same set of genes. This is a key 
aspect of our formalism as presented in Figure I. 

We call an entity like |w, C] a 'population/ where C 
is a set describing -a particular selection of genes from the 
genome and \v is vector of weights associated with each 
element of this population. In particular, we focus on three 
main populations here: 

(i) |J. G'o,,,] is the population of genes in ihe genome, 
all 6280 genes weighted once («■ = r). 

(»') h v n»RNA : G, n Rr>t,%] ' s ,ne observed population ol the 
transcripts in ihe transcript ome. i.e. the 6249 genes 
in the reference expression set weighted by their 
reference expression value: 
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(iii) [wp roi , Ghd] »s the observed cellular population of 
the proteins in the translatome, i.e. the 1 81 genes 
jn the reference abundance set weighted by their, 
reference abundance value. 

(The set of genes in the genome Cg™ is approximately 
equal to the genes in set G m R^ A , such that we can use 
both symbols interchangeably.) We can also use this nota- 
. lion to describe specific experiments — e.g. fwia^, G) 2C z) 
describes the gene set and weights relating to the transpo- 
spn abundance set. 

Furthermore, we define Fj as the value of a feature F 
in ORF j. For example, F could be the composition 
of leucine (a rea} number) or a binary value (0 or J) 
indicating whether an ORF contains a trans- membrane 
segment. Given these definitions, the weighted average of 
feature F in population |w, G] is: 



ti(FAvr.G})i 



E 



■jcG W J 



The weighted averages of two populations |w, G) and 
[v, S) pan be compared by simply looking at their relative 
difference A: 



A(F,[v, 5), [w, G]) 



= Mt^.iv, S})-n(F,[w y GJ) 
M</\[w,GJ) 

where v and w are weights for the sets of OKFs S and G 
respectively. We call A the 'enrichment' of feature F 
because it indicates wbeiher F is enriched (if A is 
positive) or depleted (if A is negative) in population fv, S] 
relative to [ w, G). 

Usually, ihe gene set C is defined by the particular 
. experiment, for which the weight w was measured. 
However, it is also possible to combine the gene sei 
associated with one experiment with expression levels 
from another set. One may want to do this to compute 
the enrichment only on ihe genes common to both 
populations, for which there are defined values for both w 
and v, viz: A{F, \v t S O G). \w r S O GJ). In practice, 
this is most relevant for comparing Gr> IO , and G mRNA . 
Since Gp lo1 is completely a subset of G mRNAr we need 
not explicitly deal with intersections if we calculate all 
statistics directly over Gp ir) t. 

One can adjust the weight vectors to take into account 
different types of averaging. Foj instance, when com- 
puting the amino acid composition {F = on) from the 
amino acid compositions of individual ORFs Fj ' = ooj 
(V; 6 G). we weight by ORF length. In the case of . 
expression weights, we have: 

Wj = N j H'mRNA./ V j € G 

where A'; is a'measuie of the length of ORF j (such as the 
number of amino acids). 



On the other hand, when computing the average molec- 
ular weight per amino acid, we need to normalize by the 
number of amino acids per ORF, which is equivalent to 
choosing the following weights: 



vy g G. 



. Application of methodology to quantitative 
abundance sets 

Having defined our formalism, we applied it to a diverse 
set of protein features in yeast. 

Amino acid enrichment. As shown in Figure 2a, we used 
pur methodology to measure the enrichment of individual 
amino acids in both the transJatome and the transcriptome 
relative to the genome. We found that three amino acids — 
valine, glycine and alanine— were consistently enriched in 
both transcriptome and transJatome populations. 

In Figure 2a we compare different gene Sets. Jn Fig- 
ure 2b we focus mainly on the variation in enrichments 
when all the comparisons are restricted to the set of 1 81 
genes (Gp, rt O G^rna = G Prot ) common to a)) data sets. 
Thus, the differences between the populations now only 
reflect the effects of differential transcription of certain 
genes and differential translation of certain transcripts. 
We find here an enrichment specifically of cysteine in the 
translatome in relation to the transcriptome. 

To mtasurt the statistical significance of the results on 
amino acid enrichment, we have performed a control anal- 
ysis on a randomized data set (Figure 2d). We randomly 
permutated the expression values of the ORFs 1000 times 
and then recomputed the enrichments. This allowed us to 
compute distributions for the amino acid enrichments and, 
from integrating these, one-sided /r- values indicating the 
significance of the observed enrichments. 

Amino acid enrichment in Transposon data set. We 
also tried to extend our methodology, ineffectively, to 
cope with the semi- quantitative Transposon set. We used 
only those 450 ORFs that consistently yielded either no 
expression or high expression, as binary data, on or off. We 
show the enrichments of amino acids computed from this 
filtered Transposon abundance set in Figure 2a. Overall, 
the enrichments fiom this set seemed to be attenuated in 
comparison to other data. 

Biomais enrichment. A corollary to amino acid enrich- 
ments is the determination of the average biomass of the 
transcriptome and transJatome populations (shown in Fig- 
ure 2c). We found that the average molecular weight of 
a protein in both populations was, on average, lower than 
in the genome population. These preliminary observations 
suggest a cell preference to use (ess energetically expen- 
sive proteins for (hose that an* highly transcribed or nans- 
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Fig. 2. Amino acid and biomass enrichment, (a) Shows ihc amino acid enrichments between different populations as indicated by the legend 
to the right of ihc plot (the legend is ordered in the same way as the schematic illustration in Figure I). The bars indicate ihe enrichment of the 
transcriplome relative to the genome, whereas the circles indicate the enrichment of the transfalome relative to the genome. In addition, we 
also show the enrichment for protein abundance from the Tiansposon abundance set, represented by the circles with the line through them, 
(b) Shows a different view of amino acid enrichment from that contained in {a), now focusing on changes, and thus restricting the comparison 
to the genes common to all the data sets. The graph is ordered according to the enrichment from transcriplome to translatome (black squares). 
We focus here only on the changes for the abundance gene set (Gp f0 t) to exclude ihe effects that arise from looking at different subsets. In this 
. view the enrichments from genome to transcriplome (white squares) and from genome to translatome (white diamonds) look more similar 
than do the analogous sets in (a). To make comparison with (a) easier we again show the enrichment from genome to the transcript ornc for 
the complete gene set (Gcen- shown in bars), (c) Shows biomass enrichment. The left panel depicts the average molecular weight per ORF 
(in units of KDa) and the right panel, the average molecular weight per amino acid (in units of Daltons) in each of the three stages of. gene 
expression. The numbeis inside ihe circles indicate the average molecular weights. The values next to the arrows indicate the enrichments 
in biomass between different populations. Both the circle diameters and ihe arrow widths are functions of the corresponding values (the 
hollow arrow indicates a positive value). It is very clear that the average molecular weight per ORF is much lower in the tianslaiome (by 20 
or 15%) and transcriptomc (by 29%) than in the genome. This relative depletion of biomass mainly takes place as a result of transcription; the 
effect of translation is less clear, depending on the populations compared. On ihe other hand, the depletion in the average molecular weight 
per amino acid (-3.3% from genome to iranslatome) is an order of magnitude smaller than in the average weight per ORF. This shows 
that ihc yeast cell favors ihe expression of shorter ORFs over longer ones, and agrees with our earlier observation ihat there is a negative 
• correlation between maximum ORF length and mRNA expression (Jansen and Gcrstein, 2000); it seems lhat this effect mainly takes place 
during transcription rather than translation. (d)This plot shows thai the amino acid enrichments are statistically significant. We have assessed 
significance by randomly permuting the expression levels among the genes and ihcn iccomputing the amino acid enrichments. This procedtue 
can be repealed and used to generate distributions of random enrichments that can then be compared against the observed enrichments. In 
the plot the pay bins represent the observed enrichments already shown in Figuie 3a. On top of the gray bars we show standaid boxplots 
of enrichment distributions based on 1000 random permutations. (The middle line represents Ihe distribution median. The upper and lower 
.sides of ihe Ik>x coincide with the upper and lower quartiles. Outliers are >hown as dots and defined 35 daia points thai are outside the range 
of (he whiskers, the Icngih of which is 1.5 the rnleiquanile distance.) Based on ihc random distributions, wc can compute one- sided /rvalues 
for ihc observed enrichments. Amino acids foi which ihe values are less than I0~- aic shown in bold font. 



bled. However, wc also found (ha) the overage molecu- 
lar weight per amino odd differed much less between the 
unnsrripiome and the nanslaiome on the one hand, and the 



genome on the other hand (though it was siill slightly less). 
This finding indicates that lower molecular weights in the 
translatome and transcriplome relative to ihe jienome ate 
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predominantly due to greater expression of .shorter pro- 
teins rather than the incorporation of smaller amino acids. 

Secondary, structure composition. We also used our 
methodology to study the enrichment of secondary- 
structural features. Secondary structural annotation was 
derived from structure prediction applied uniformly to all 
the ORPs in the yeast genome as described in Table J. 
As shown in Figure 3a, all three populations — genome, 
transcriptome, and iranslaiome — had a fairly similar 
. composition of secondary structures — sheets, helices, and 
coils. The differences between populations were marginal 
and based only on the small subset of genes. 

We also found that Transmembrane (TM) proteins 
were significantly depleted in ihe transcriptome (see 
website and caption). These results aie consistent with 
our previous analyses (Jansen and Ger stein. 2000). The 
protein abundance data does not have any membrane 
proteins. 

Subcellular localization. Figure 3c shows the enrich- 
ment of pioteins associated with ihe various subcellular 
compliments. For clarity, we divided the cell into five 
distinct subcellular compartments, (see Table I). We 
found that, in comparison to the genome, both the uan- 
scripiome and traaslatome are enriched in cytoplasmic 
proteins. This is true whether we make our comparisons in 



relation to the relatively large reference mRNA expression 
set or the smaller reference protein abundance set. As 
Figure 3c shows, the 2D gel experiments are clearly 
biased towards proteins from the cytoplasm. However, in 
the biased subset Gp, 0 t transcription and translation lead 
to an even higher fraction of cytoplasmic proteins in the 
translatome. 

Functional categories. Finally, we compared the enrich- ' 
mem of various functional categories in both the trans- 
lators and the transcriptome (see Figure 3b). This gives 
us a broad yet informative view of the cell as a whole. As 
described in Table I, we used the top-level of the MIPS 
scheme for the functional category definitions. We found 
broad differences between the .various populations, with 
some of the functional categories showing strikingly high 
enrichments. 

DISCUSSION AND CONCLUSION 

We developed: (i) a methodology for integrating many dif- 
ferent lypes of gene expression and pjotcin abundance into 
a common framework and applied this 10 a preliminary 
analysis; (ii) a procedure lor scaling :tnd merging different 
mRNA and protein sets together; and (iii) an approach for 
computing the enrichment of various proieomic features in 
the population of transcripts and proteins. We showed that 
by. analyzing broad categories instead of individual noisy 
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□ Metabolism (1) 
0 Energy (2) 

n Cefl growth, cett division 
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Fig. 3. Breakdown of the iranscriploroe and translators in ienns of broad categories relating to structure, localization, and function. All 
of the subfigurts are analogous to the schematic illustration in Figure I. (a) Represents the composition of secondary structure in I be 
different populations, (b) Represents the distribution of subcellular localizations associated with proteins in tire various populations. We used 
standardized localizations developed earlier {Drawid and Ger'slem, 2000). which, in turn, were denied from (he MIPS, YPD, and SwissProl 
databases (Bairoch and Apweilcr, 2000; Costanzo et al, 2000; Mewes et ai, 2000). The subcellular localization has been experimentally 
determined for less than half of the yeast proteins, so our analysis applies only to this subset, (c) Shows the division of ORFs into different 
functional categories (according to the MIPS classification) in the various populations. Only the largest functional categories of the lop level 
of the MIPS classification are shown. The group 'other' contains the smaller top-level categories lumped together. This 'other' group is 
different from the group 'unclassified,* which contains genes wiihoui any functional description. 



data points, we coitJd find logical trends in the underlying 
data. For example, individual transcription factors might 
have bighei or tower pioiein abundance than one expects 
from i heir mRNA expression, hut the category transcrip- 
tion factors' as a whole has a similar representation in the 
tr arisen pi on ie and iranslaiome. 

We found, as previously described (Futcher er ai, 1999; 
Gygi et nl. : 1999b: Grcenbamn er at.. 2001), a weak 
cor t elation between individual measurements of mRNA 



and protein abundance. The outliers of I his correlation 
lend lo be associated with cellular organization. One 
might conceive of using these outliers {i.e. those with 
significantly diffeteni transcriptional and iranslational 
behavior) to find consensus regulatory sequences. One 
possible method would involve using predicted mRNA 
Mine lutes Oacgci et at., 1990; Zuker, 2000) to find and 
investigate consensus structural elements in these outliers 
to which the ye as i iranslational machinery is known to be 
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Table 1. Data sets 



Description 



Size |ORFs) 



Reference 



mRNA expression 
Young 

Church 

Samson 

SAGE 

Reference expression 

Protein abundance 
2-DE#l 

2-DES2 
Trans poson • 

Reference abuntlancc 

Annotation 

Annotated localization 

TM segments- 

MIPS functions 

COR secondary structure 



Gene chip profiles yeast cells with • 
mutations that affect transcription 
Gene chip profiles of yeast cells 
under four different conditions 
Comparing gene chip profiles for 
yeast cells subjected to alkylating agent 
Yeasl cells during vegetative growth 

Scaling and integrating the mRNA 
expression set into one data source 



Measurement of yeast protein 

abundance by 2D gel 

electrophoresis and mass spectrometry 

Similar 16 2-DE set #1 

Laige-scale fusions of yeasl genes 
with hcZ by transposon insertion 
Scaling and integrating the 2- DE 
data sets into one data souice 



Subcellular localizations of yeast" 
proteins 

Predicted TM and 
soluble proteins in yeasl 
Functional categories for yeast 
ORFs 

Predicted sec ondaiy struct uie 
yeast ORFs 



5455 

6263 

6090 

3778 
6249 



71 
1410 



2133 
(6280) 

27J0 
(6280) 

35)9 
(6194) 

6280 



Holsiege/fa/. (1998) 
Roth el at (1998) 
Jclinsky and Samson ( 1 999) 
Velculescu et of. (1997) 

Gygt rfaM1999a,b) 

Futcher et ol (1999) 
Ross-Macdonald et ol. (1999) 



Drawfcf and Gerstein (2000) 
Geistein()998a.b r c) 
Mewesrrn/. (2000) 
Geistein(l998a.b,c) 



This table provides an overview of the data sets used in our analysis. The table is divided into three sections. The top section lists different mRNA expression 
sets. The middle section shows the protein abundance data sets used. The bottom section contains different annotations of protein features. The column "Data 
set' lists a shorthand reference to each data set used throughout this paper The ne.M columns contain a brief description of the data sets, the number of ORFs 
contained in each of them, and the literature reference. In contrast to the other data we investigated, the reference e.xpiession and abundance data sets have 
been calculated fot the purpose of oui analysis (see ie.\i). An expanded veision of the table is available on our web site. 
Some further information on the genome annotations: 

Localization. Piotein localisation information from YPD, MIPS and SwissProt were meiged. fiJleied and standardized (Bairoch and Apweiier. 2000; 
Costanzo et at.. 2000; Mewes ti ol, 2000) into five simplified companments — cytoplasm, nucleus, membtane, cjtiiacelhrlar (including proteins in ER and 
polgi). and mitochondrial— according to the piotocul in Diawid , -t nt. (2000). This yielded a standardized annotation of protein subcellular localization lor 
2133 cut of 6280 ORFs/ ' . 

7'Af segments. In 2710 out of 6?80yeast ORFsTM segments arc picdicird to occur, ranging from low lo high confidence (73? ORFs). The IM piediction was 
pertormed as follows: the values from the scale lor amino acids in a window of she 20 (the typical size of a TM helia) were averaged and then compared 
against a cutoff of - 1 kcal moT A value under this cutoff wasiatrn id indicate the existence of a TM helix. Initial hydrophobic stretches cones ponding lo 
sig nal sequences for membiane insertion wrre excluded. (These have the pattern of a charged residue within the first seven, followed by a stietch of 14 wjih 
an average hydrophobicity undci the cutoff.) These parameters have been used, tested, and ic fined on surveys of membrane protein in genomes. Sure* 
mrrnljiane proteins had at least two TM-srpncnis with an average hydiophobicify less than ~ 1 kcal mot" 1 .(RoM ft at.. 1995; Gri stein " n/.. 2000. Sanioni 
€ J o/.. 2000. Se nes ft «/.. 2000). 

fumtiom. MIPS functional rairgorie; have heen aligned to ?M9 <"» »>l <»I94 OKI's. (The remainder are assigned in category "98" or *99.' which 
corresponds lo unclassified funtiion.) 



sensitive (McCarthy , 1998). 

In K'bitott lo fnnciional caie^ories, we found three 
i rends thai wcie partintrarly notable: (i) the 'cellular 



organization.' 'protein synthesis." and 'energy production' 
categories were increasingly enriched as we moved Itom 
genome to iranscriptomc to iranslatoine. Jn the transcrip- 
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tome and iranslatome population relative to the genome; 

(ii) proteins with 'unclassified function' are significantly 
depleted, perhaps reflecting a bias against studying them; 

(iii) proteins in the 'transcription* and 'cell growth, cell 
division, and DNA synthesis* categories were consistently 
depleted. This reflects the fact that many of these proteins, 
such as transcription factors, act as 'switches' such that 
only small quantities of the protein are necessary to 
activate or deactivate a process. These results concur with 
previous calculations (Jansen and Ger stein, 2000) wherein 
we found the transcriptome is enriched specifically with 
proteins involved in protein synthesis and energy- 
Limitations given the small size of the protein 
abundance data 

Even with the extended coverage made possible by 
merging many data sets together into reference sets, the 
analysis is still limited by the minimal data. This was 
most applicable to the protein abundance measurements, 
potentially biasing our statistical results towards certain 
protein families. Moreover, the J8J proteins in Gp,ot do 
not represent a random sample. They are skewed towards 
highly expressed, well-studied proteins. Our methodology 
attempts to control for this gene- selection bias through 
our enrichment formalism, which allows one to rather 
precisely gauge various aspects of the bins. Conversely, 
many protein features in both the translatome and the 
transcriptome are dominated by highly expressed proteins. 
Under these circumstances, it is often sufficient to look at 
this smaller number of dominating proteins to choraclerize 
the whole population. This is similar to the development of 
the codon adaptation index for yeast {Sharp and Li, 1 987). 
While based on only 24 highly expressed proteins, it has 
proven io be robust in predicting expression levels lor the 
entire genome. 

We believe that the essential formalism and approach 
that we develop will remain quite relevant for future data 
sets (Smith, 2000). 
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Protein abundancy and mRNA levels of the adipocyte -type fatty acid 
biuding protein correlate in non-invasive and invasive bladder transitional 
cell carcinomas. 

Gromova I , Gromov P . WolfH, Cgligjng 

Department of Medical Biochemistry and Danish Centre for Human Genome Research 
Hie University of Aarhus, Aarhus C, Denmark. 

The adipocyte type fatty acid-binding protein (A-FABP) is a small molecular weight fatty 
acid-binding protein whose expression correlates both with the grade of atypia and the 
stage of bladder transitional cell carcinomas (TCCs). To determine if the protein . 
abundancy correlates with the mRNA levels in non-invasive and invasive lesions we 
have analysed fresh TCCs (grade II, Ta; grade Iff, T2-4) by two-dimensional ' 
polyacrylamide gel electrophoresis (2D-PAGE) and measured the mRNA levels using the 
reverse transcription linked polymerase chain reaction (RT-PCR). Overall, the results 
showed a good correlation between protein abundancy and mRNA levels, indicating that 
the lack of expression of the protein observed in some lesions reflects low levels of 
transcription of the A-FABP gene rather than translational regulation. In addition our 
studies showed that the loss of A-FABP protein observed in some tumors is not ' 
compensated by an increase in the skin fatty acid-binding-protein PA-FABP as is the 
case in the A-FABP knockout mice. 
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Abstract. The adipocyte type fatty acid-binding protein (A- 
FABP) is a small molecular weight fatty acid-binding protein 
whose expression correlates both with the grade of atypia and 
the stage of bladder transitional cell carcinomas (TCCs). To 
determine if the protein abundancy correlates with the 
mRNA levels in non-invasive and invasive lesions, we have 
analysed fresh TCCs (grade 11, Ta; grade HI. T 2 J by two- 
dimensional polyacrylamide gel electrophoresis (2D-PAGE) 
and measured the mRNA levels using the reverse transcription 
linked polymerase chain reaction (RT-PCR). Overall, the 
results showed a good correlation between protein abundancy 
. and mRNA levels, indicating that the lock of expression of 
the protein observed in some. lesions reflects low levels of 
transcription of the A-FABP gene rather than translaiional 
regulation. In addition, our studies showed that the loss of A- 
FABP protein observed in some tumors is not compensated 
by an increase in the skin fatty acid-binding protein PA- 
FABP, as is the case in ihe A-FABP knockout mice. 

Introduction 

Bladder cancer accounts for 4.7% of all human cancers 
diagnosed- The spectrum of bladder tumors is broad with 
various histological types thai include transitional cell 
carcinomas (TCCs), squamous cell carcinomas (SCCs), and 
adenocarcinomas (1-3). TCCs are by far the most prevalent 
tumors as they represent nearly 95% of all bladder cancers in 
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the Western Hemisphere. At first presentation, about 70% of 
the urinary bladder TCCs are diagnosed as differentiated 
superficial lesions that are confined either to the mucosa 
(Ta), or to the underlying connective tissue (T,). The rest 
correspond to highly invasive, poorly differentiated tumors. 

Non-invasive TCCs occur as two distinct growth patterns, 
papillary and non-papillary (flat) lesions (1,2); that display 
significant differences in their malignant" potential and that 
are believed to originate from different genetic alterations 
(4-6). Papillary carcinomas usually correspond to low-grade 
lesions which frequently recur multiple times. These tumors 
begin as areas of hyperplasia that later undergo a process of 
dedifferentiation (grades MV). Invasive tumors may arise 
rrom these lesions, but often are derived from non-papillary 
carcinoma in situ that usually is of high grade at presentation 
and tend io invade and progress to muscle invasion and 
metastatic disease. 

To date, many attempts have been made to pinpoint genetic 
changes that underly progression of bladder cancer as well as 
to identify molecular markers that correlate with tumor 
progression. Cytogenetic studies and molecular geneuc data 
have shown that chromosomes 3p, 4p, 4q, 5q, 8p, 9p, 9q, 
Hp, 13q, Mq, I7p and I8q are frequently altered in bladder 
urothelial tumors (4,5 and refs. therein), and as a whole they 
have supported the notion that bladder cancer is a mullistep 
process. Recently, Spruck et at (6) showed that chromosome 
9 alterations occur early during development, while p53 
mutations appear later in the process and confer invasive 
properties. The situation however is reverse in the case of 
Cis, as a large fraction of these lesions contain p53 mutations 
(5,6,8,9). Besides pointing towards two divergent pathways of 
bladder tumor progression, these studies implied thai the order 
in which the genetic changes occur is important m determining 
the outcome of the lesion. . 

Assessment of bladder cancer is based on a thorough 
pathological examination of biopsy material which establishes 
the historical type of the tumor, its degree of differeniiauon 
(.rode), and depth of invasion of the bladder ^all (staging). 
(II 0-12). In spite of strict criteria for the pathological assessment 
of these lesions, there exist a significant inter-palhologiSl 
variation a fact thai emphasises the need lor objective 
markets that may aid their classification. W.ih this in mind 
we are exploring the possibility of using proteose (13) 



7his material may be piotected by Copyright law (Title 17 U.S. Code) 



expression profiles of ihcse lesions as fingerprints lo define, 
their grade of aiypia and eventually their stage (3,14). So Far. 
more than 400 tumors of various grades and stages have been 
analysed by two-dimensional polyacrylamide gel 
electrophoresis (2D PACE), and preliminary experiments 
have shown that even though the overall protein expression 
profiles of tumors of the same grade and stage are very similar, 
there are important differences suggesting that morpho- 
logically 'identical* TCCs may be further subdivided (I). Of 
the biomarkers of TCC progression identified so far, the 
adipocyte-type fatty acid binding protein (A-FABP) is 
perhaps one of the most interesting as the levels of this 
polypeptide have been shown to correlate both with the grade 
of aiypia as well as with the stage of the disease (3). Given 
the putative importance of A-FABP as a progression marker, 
and since Anderson and Seilheimer (15) recently showed that 
post-transcriptional regulation of gene expression is a frequent 
phenomena in higher organisms, we have compared the levels 
of A-FABP mRNA and protein in non-invasive and invasive 
bladder TCCs expressing and lacking this protein. 

Materials and methods 

Tumors. Fresh bladder tumors were obtained immediately 
after transurethral resection.. The grade and clinical stage of 
the tumors were determined by the pathologist at the Aaihus 
Municipal hospital. Clean tumors devoid of blood clots were 
divided into small pieces for 2D PACE and DNA, and RNA 
preparation. The latter were immediately frozen in liquid 
nitrogen and store at -80"C until use. 

l J5 SJ-methionine labeling and 2D-PAGE. In a few cases, 
small tumor pieces were labeled with | 15 S]-meihionine as 
previously described (3). 2D- PAGE was performed 
according to published procedures (16; see also http: 
V/biobase.dk7cgi-bin/celis). 

RT-PCR. Frozen tumor samples were ground to powder in 
liquid nitrogen and total RNA was isolated using the acid 
guanidium isothiocyanate/phenol chloroform extraction 
procedure (17). The samples were treated with RNase-free 
DNases I (Pharmacia) to eliminate contaminating genomic 
DNA using the protocols recommended by the supplier. 
Poly(A)* RNA was prepared using Poly (A) ; Quick columns 
according to the manufacturer s instructions (Stratagene). The 
synthesis of cDNA for RT-PCR reactions were carried out 
using the Cibco BRJL Superscript Kit. Two pg of total RNAs 
was mixed with oligo -dTl 1 primer, PCR buffer. MgCI 3 
(25 mM), 0.1 M DDT and 10 niM dNTP. The mixture was 
incubated at 42*C lor 5 inin followed by the addition of 
Superscript 1J reverse transcriptase and further incubation at 
42'C for 50 min. The reaction was terminated by raising the 
temperature to 70*C for 15 mm, followed by additional 
incubation at 37*C for 20 mm in the presence of RNase 11 lo 
deplete the RNA. Primers for known and cloned genes were 
purchase from Pharmacia as follows: A-FABP, Upper (from 
186-208 bp) 5' CATCATCAGTGTGAATGGCCAT-37 
lower (from 374-397 bp) 5' CATCCTCTCGT1TTCTC TIT 
ATG-3". B-aciin upper 5 -GAGGITGGCTCTGACTGTACC 
AC-3/lower 5 - CTCATTCAGCTCTCCGA ACATCTCC-3". 



Tabic I. Expression of A-FABP in noninvasive and invasive 
bladder TCCs; 
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"The levels of a A-FABP protein were determined based on the 
visual analysis of Copmassie Brilliant Blue stained gels and 
represent the average estimate of at least two different runs. Tumors 
scored as positive differed significantly with respect to the levels of 
the protein, and therefore are indicated with either four (very high), 
three (high), two (medium) and one (low) cross (see also Fig. I); 
'The mRNA levels were determined based on the intensity of 
Ethidium Bromide stained cDNA bands separated on agarose gel 
using the B'ro-Rad Ce) Doc 1000 system and le present the average 
estimate of at least ihree independent experiments. Cor/esponding 
mRNA levels are represented by crosses as described above. 



PCR reactions were performed in a Progene thermal cycler 
using the Advantage Klen Tag Polimerase (Clonlech). The 
cycling parameters consisted of 30 sec of denaiuration al 
94X, with annealing of 30 sec at 60*C for B-actin or at 
64*C for A-FABP. The extension time was for 2 min at 68"C 
for 29-40 cycles with the final extension of 7 min at 68*C The 
PCR products were separated on 1.5% agarose gel 
electrophoresis followed by ethidium bromide staining and 
photography under UV light. 

Results 

A-FABP protein levels in noninvasive and invasive TCCs. 
One hundred suspected TCCs removed at the Department of 
Urology, Skejby Hospital, were analysed by high resolution 
2D PAGE and Coomassie" Brilliant Blue slaining. Of these, 
10 grade 11. Ta TCCs (Table 3) were chosen to correlate A- 
FABP protein and mRNA levels as these lesions yielded 
acceptable protein profiles both in terms of iheii puiity as 
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assessed by monitoring for ihe absence of vimenun 
(contamination with connective tissue) and desmin 
(contamination with smooth muscle cells), as well as 
polypeptide resolution. In addition, reasonable amounts of 
these tumors were available for mRNA preparation. 

Table I shows the levels of A-FABP protein expression m 
the 10 tumors analysed by 2D PAGE.. The data were scored 
entirely based on the visual analysis of Coomassie Brilliant 
Blue stained gels and represent an average estimate of at 
least two different runs. Tumors scored as positive differed 
significantly with respect to the levels of this protein, and 
therefore are indicated with eilher four (very high), three 
<hi°h) two (medium) and one cross (low). Representative 
examples of Coomassie stained 2D gels of tumors exhibiting 
very high (TCC 532- 1, Fig. I A), high (TCC 692-1; Fig. IB), 
medium (TCC 763-1. Fig. 1C) and undetectable levels (TCC 
709-1 and TCC 711-1 Fig. ID E) of A-FABP are shown in 
Fig. 1 (only the relevant area of the gels are shown). 

A-FABP mRNA levels in non invasive grade 11 Ta TCCs. 
Since in many instances only a limited amount of fresh tumor 
was available, we used RT-PCR to determine the levels of A- 
FABP mRNA in the len TCCs analysed by 2D PACE (Fig. I) 
Following amplification, ihe PCR products were analysed by 
conventional 1.5% agaiose"geI electrophoresis and visualised 
by eihidiun. bromide staining as shown in Fig. 2. The amouni 



Fieurc 2 RT-PCR analysis of A-FABP mRNA expression in non-mvasive 
,Gr)i Ta) and invasive TCCs (Or 111. VU For RT-PCR analysis, the ss c- 
DNA was synthesized by Reverse Tnmscriptasc using total RNA^ and^used 
for RT-PCR amplification. The PCR products were resolved on 1:5% 
agarose gels and visualised under UV light following eihidium brormde 
staining. The A-FABP panels show the results of amplifKat^ wr*„: the 
pair of gene specific primers was used to generate Ihe 220 bp ^DNA 
fragment. Amplification of A-FABP was obtained after 30 cycles of POL 
The B-aclin panels represent the amplification of the B-acrtn gene wdjcfj 
was used as an internal control lo confirm that equal amounts of c-DNA were 
used in each reaction. 



of cDNA in each lane was normalised using several house- 
keeping genes so as lo achieve a more accurate assessment of 
ihe expression or the A-FABP mRNA. As shown in fig_2, 
TCC 532- 1 exhibited the highest amount or A-FABP mRNA, 
followed by TCCs 692-1,763-1, 616-1. 581-1, 154-1, 166-5 
and 533-1. Undetectable levels of A-FABP mRNA were 
observed in the case of TCCs 607-1 and 709-1 (Fig. 2). 
Relative mRNA levels for the ten TCCs are g.ven in Table 1. 

A-FABP protein and mRNA levels in invasive grade 111 T„ 
TCCs. Of .he invasive TCCs (grade 111. T,..) analysed by 2D 
PACE only six yielded reasonable protein profiles for further 
study As shown in Table 1. none of these lesions expressed 
de.ectable levels of A-FABP as determined by Coomass.e 
Brilliant Blue staining (F.g. IE, TCC 71 1-1). In line with these 
results, ihe RT-PCR analysis of these tumors abo^reveatol 
undetectable level of A-FABP mRNA (Fig. 2. Gr 111 1,-1,. 
Table 1). 

Loss of A-FABP protein is not compensated by on increase in 
PA-FABP. Recent studies of A-FABP knockout m.ce have 
,hown thai .he loss of A T FABP in fat .issue is 
by an increase in .he skin folly acid-binding proie.n malMW 
Our studies, however, indica.ed .ha. .he human homolo a ue 
of mall PA-FABP (19). did not compensate for .he loss o 
A-FABP ei.her in .he non-invasive or ihe invas.ve tumors 
analysed in this s.udy (Fig. ID and E). In add.l.on. F.g. J 
shows 2D gels of pS)-me.hionine labeled P .o.eins from . wo 
„adc II. Ta TCCs (192-4. TV. F.g. 3A ami 192-4. T, F.g. 3B). 
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Figure 3. Levels of A-FABP and PA-FABP protein in *rade II; Ta tumors 
resected from Ihc same patient. The two upper panels show the 2D gc\ 
autoradiograms of |»S]- methionine labeled proteins from TCCs (grade II. 
Ta) resected from the same patient. A, TCC 192-9 lumor 4 and B ( - TCC 
192-9 lumor I. Only the relevant area of the autoradiograms arc shown. The 
low panel shows the RT-PCR analysis of A-FABP mRNA expression in the 
same tumors {see also legend to Fig. 2). • 



which differ significantly in their levels of A-FABP proiein 
and mRNA (Fig. 3, low panel). As shown in Fig. 3, the 
decrease in A-FABP observed in TCC 129-4, T, is not 
accompanied by an increase in the PA-FABP protein (Fig. IE). 

Discussion 

Of the TCC progression rnarkeis identified lo date, A-FABP 
is perhaps one of the most interesting as its presence correlates 
both with the grade of aiypia (p=0.0006) and the stage of the 
disease (p-0.0269) (3). A-FABP is a low molecular weight 
proiein belonging to a cytosolic muhigene family of lipid-, 
binding proteins that include heari, liver, intestinal, muscle, 
brain, skin and epithelial isoforms (20). Members of the 
FABP family are highly expressed in differentiated cells and 
show narrow tissue distribution. Their precise function is at 
present unknown, although there is evidence suggesting thai 
they may play roles in intracellular lipid transport and 
metabolism, signal transduction (21,22) as well as growth 
control and differentiation (23). The role in signal transduction 
has been inferred from the fact that long-chain fatty acids and 
their metabolites can act as primary and second messengers 
in specific signalling pathways (24). Recently, it has been 
Shown that A-FABP may play a central role in the pathway 
that links obesity with insulin resistance, most likely by. 
connecting the fatty acid metabolism whh the expression of 
TNF-a (18). Furthermore, there is evidence indicating (hat 
[he A-FABP gene contains sequence information necessary 
lor differentiation-dependent expression in adipocytes (25). 
Our own data derived from the study of TCCs and. normal 
uiothelium suggest that A-FABP may be required for normal 
molheliurn differentiation (I), as may be the case lot PA- 
FABP in the skirt ( 19). 



Considering the potential prognostic value of A-FABP 
protein and/or mRNA in TCC progression it was important to 
determine if the levels of both type'6f;m'a.croino)^cuKe5 
correlated both in the non-invasive and the invasive lesions 
expressing and lacking A-FABP. The need for such correlation 
was underlined by recent studies of Anderson and Seilbamer 
(15), who reported a lack of overall correlation betvueen the 
mRNA and protein levels of. 45 rat proteins analysed by 2D 
PAGE in combination with cDNA amys. tfieir data yielded a 
correlation coefficient of 0.45 which is half way between weak 
and perfect correlation. Clearly, our data showed a very' good 
correlation between the proteir> and mRNA levels of A-FABP 
in all tumors analysed indicating that the loss of A-FABP 
protein observed in some tumors is not due to post- 
transcriptional regulation. 

Recently, knockout mice carrying a nuli mutation in the 
aP2 gene encoding for A-FABP was produced (18). These 
animals do not show an obvious morphological or metabolic 
phenotype, but exhibit a 20-fold increase in the levels of the 
keraunocyte type FABP {mall\ which may compensate for 
the loss of the deleted gene (18). The human homologue of 
the mall gene, PA-FABP, was cloned in our laboratory and 
has been shown to be highly upregulated in psoriatic skin as 
well as in abnormally differentiated primary keratinocytes 
(19). PA-FABP is expressed in normal urotbelium together 
with A-FABP (3), and ongoing studies in the laboratory have 
shown that its level decreases significantly as tumors progress, 
interestingly, the studies reported in this article did riot revealed 
a compensatory up- or down-regulation of PA-FABP in the 
TCCs analysed, supporting the contention that PA-FABP may 
also play a role in cell growth and differentiation (19). . 
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(The pathogenic role of macrophage migration inhibitory factor i 
respiratory distress syndrome] 

[Article in Chinese] 
GuaY,XieC. 

wn.cn suggests that MIF plays a pivotal role in the pathogenesis of ARDS. 
PMDD: 12126556 [PubMed - indexed for MEDLINE] 
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R Z S ^ d ex P ressiou and ac «vity of orgaaic ion transporters rOATl 
rOAT3 and rOCT2 after hyperuricemia in the rat kidney. 

HabuY, YanoJ, QkudaJM, Fukatsu A. rhmjg 

Department of Pharmacy, Kyoto University Hospital, Faculty of Medicine Kyoto 
University, Sakyo-ku, Kyoto 606-8507, Japan. V 

We previously reported that in hyperuricemic rats, renal impairment occurred and organic 
ion transport act.vtty decreased, accompanied with a specific decrease in the ™2T 

rOCR. In the present study, we investigated the reversibility of the organic ion transport 
actmty and express™ of organic ion transporter ( s Ic22a) during reco very from 
.KTT' Hy P emr i ce T ,ia was indu ced by the administration of a chow containing 
unc ac d and oxomc acd, an inhibitor of uric acid metabolism. Four days after 

" f^ftHS fi r Ch ° W> T P,aSma Urt ° add conce »^on returned to the norma. 
Si ftmCt, °" S T*l 33 CMfini ' e C,earanCC "* BUN ,eveIs ™« restored 

Baso ateral uptake of p-ammoruppurate (PAH) and tetraethylammonium (TEA/and both 
protetn and mRNA levels ofrOATI , ,OAT3 and rOCT2 in the kidLy g^duatly 
mproved dunng 14 days of recovery from hyperuricemia. Basolateral Jaiport 
wStXt? ation with the protein leve. of rOATl (r(2)=0.80) thahrtS 
prot^ 

SSS^rfSS? P f °.f r ° ne COncentration - ^ Ch * a dominant factor in 
tne regulation of rOCT2, was gradually restored during the recovery from hyperuricemia 
bu the : correlate between the plasma testosterone level and rOcK 

PM1D: 15748710 [PubMed - indexed for MEDLINE) 
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Regulation of cytochrome P4501A1 in teleosts: sustained induction of 
CYP1A1 mRNA, protein, and catalytic activity by 2,3,7,8- 
tetrachlorodibenzofuran in the marine fish Stenotomus'chrysops. 

Hahn ME . Stegemau JJ . 

Biology Department, Woods Hole Oceanographic Institution, Massachusetts 02543. 

Cytochrome P4501 Al (CYPI Al) is known to play important roles in the activation and 
detoxification of carcinogens and other toxicants in vertebrate animals, including fish. 
Although extensively studied in mammalian systems, the regulation of CYPI A forms in 
other vertebrates is less well understood. We examined the time course and dose- 
response relationships for induction of CYP 1 Al mRNA, protein, and catalytic activity by 
2,3,7,84etrachlorodiben2ofuran (TCDF) in the marine fish Stenotomus chrysops (scup). 
The time course of CYPI Al induction was determined following a single ip dose (10 
nmol/kg) of 2,3,7,8-TCDF. Hepatic ethoxyresorufin O-deethylase activity was increased 
after I day, reached a maximum by 8 days, and was still elevated 14 days after treatment 
The content of immunodetectable CYP1A1 protein in liver was elevated on Day 1 and 
continued to increase through 14 days. CYPI Al protein content was also strongly 
induced in heart and gill beginning at 2 days after treatment and extending through Day 
14. Hepatic CYP 1 Al mRNA was strongly induced by 1 day after dosing and remained 
elevated through 14 days. The sustained induction of CYPI Al mRNA by 2,3,7,8-TCDF 
contrasts with the transient induction seen previously in fish treated with nonhaiogenated 
inducers and most likely reflects differences in persistence of the inducers. Dose-resporise 
studies indicated that induction of CYP1AI mRNA, protein, and catalytic activity 
occurred following doses of 2,3,7,8-TCDF as low as 0.4 nmol/kg (1 20 ng/kg), within the 
range of whole-body contents of this congener measured in fish from contaminated 
environments. The estimated dose producing half-maximal CYPI Al induction in scup 
was approximately 2-10 nmol/kg, suggesting that the sensitivity of these fish to induction 
may be as great as or greater than that of rats. In contrast to previous results obtained with 
3,3^4,4'-tetachlorobiphenyl (TCB) and beta-naphthoflavone, which appear to inhibit or 
inactivate CYPI A 1 in fish and other vertebrates, there was a good correlation among 
levels of CYPI Al mRNA, protein, and catalytic activity in individual fish following 
various doses of 2,3,7,8-TCDF. The difference in response to 2,3,7,8-TCDF versus 
3,3 , ,4,4 f -TCB may reflect differences in the inducing potencies of the two compounds 
relative to their similar potencies as inhibitors of CYPI Al catalytic activity. In additional 
studies to evaluate structure-activity relationships for CYPI Al induction by chlorinated 
dibenzofurans m fish, scup were treated with 2,3 ) 6,8-tetrachlbrodiben2ofuran (2,3,6 8- 
TCD10. At 10 or 50 nmol/kg, 2,3,6,8-TCDF was inactive as an inducer of CYPI Al ' 
mRNA, protein, or catalytic activity.(ABSTRACT TRUNCATED AT 400 WORDS) 
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Expression of the pS2 gene in breast tissues assessed by pS2-mRNA 
analysis and pS2-protein radioimmunoassay. 

Hahnel E. Robbins P, Harvey J, Sterrett G, Hahnel R . 

Department of Pathology, University of Western Australia, Queen Elizabeth II Medical 
Centre, Nedlands. 

The expression of the pS2 gene in breast tissues was assessed by measuring pS2-protein 
using a radioimmunoassay, and by determining pS2-mRNA using Northern blotting. 
There was a good correlation between the two measurements, indicating that expression 
of the pS2 gene in breast tissues may be assessed by either method. Since 
radioimmunoassay is technically easier and more efficient than Northern blotting, 
radioimmunoassay will be the method of choice in routine applications. 
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Brief communication 

Expression of the pS2 gene in breast tissues assessed by pS2-mRNA analysis 
and pS2-protein radioimmunoassay 



Erika Hahne.r, Peter Robbins, Jennet Harvey, Gregory Sterxett and RoJand Habnel ' 

Department of Pathology, University of Western Australia, Queen Elizabeth II Medical Centre, Nedlands, 

6009, Western Australia • ' * 



Keywords: breast tissue, pS^-mRNA, pS2 proteiX radioimmunoassay 
Summary . 

The expression of the pS2 gene in breast tissues was assessed by measuring pS2-prorein using a radioimmu- 
noassay, and by determining pS2-mRNA using Northern blotting.There was a good correlation between the 
rwojneasurements, indicating that expression of thepS2 gene in breast tissues may be assessed by either 
method. Since radioimmunoassay is technically easier and more efficient than Northern blotting, radioim- 
munoassay will be the method of choice in routine applications. 



Introduction 

Expression of the pS2 gene is controlled by estro- 
gen. This was first described in the MCF-7 breast 
cancer cell line ft). pS2 expression has since been 
reported to be useful as a prognostic indicator [2, 
3], although this was not confirmed in another se- 
ries {4]. 

pS2 expression may be assessed in tissue ho 
mogenates by analysis of pS2-rnRNA [5], by ra- 
dioimmunoassay of the pS2-protein [2], or by in> 
munocytochemical detection of the pS2 protein in 
tissue sections f5]. Jt was the aim of this study to 
establish the correlation between pS2-mRN A and 
pS2-protein.by radioimmunoassay in a series of 
tissues obtained from mastectomy specimens per- 
formed for carcinoma of the breast. Primary breast 
carcinoma lissue, metastatic carcinoma within ax- 
illary nodes, and macroscopcaJJy bemen breast 
ussue were examined. 



Materials and methods 



Breast tissues 



Tissue specimens from mastectomies performed 
for carcinoma of the breast were examined. 32 pri- 
mary breast carcinomas, 10 axillary lymph nodes 
containing metastatic breast carcinoma, and 20 
samples of uninvolved breast tissue were analyzed 
for pS2 expression. 

The primary breast carcinomas were histolog- 
ically classified using a conventional subclassifi- 
cation. The presence or absence of primary tumour 
was assessed. The presence of metastatic carcino- 
ma within lymph nodes studied was verified by 
histological examination of the node remnant after 
sampling. 

'Uninvolved* breast tissue was sampled from 
sites welJ removed from the primary breast tumour 
(usually in another quadrant of the breast), and was 
selected only if the tissue appeared macroscopical- 
Jy unremarkable'. Tissue sampling occurred irrime- 

AJdrcssfor of prints: R. Huhncl. Urmrmt, Dcpa„men. of ParhOo^y. The Queen Eluobrih U Medical Ccm,e. Ncdbnds 6009, Western Auslr.lb 
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diately upon arrival of the mastectomy specimen in 
the laboratory, with minimal delays between re- 
moval and sampling. 

Tissues for pS2 analysis were snap frozen in liq- 
uid nitrogen and stored at -70°C until prqcessed. 

Extraction of RNA and determination of 
pS2-mRNA , 

Details of the procedure have been described in our 
previous paper [6 J. Briefly, the deep-frozen tissue 
was homogenized in a micrp-dismembraton The 
homogeneous powder was extracted with guani- 
diniunnsoihiocyanatephenolchloroformiso- 
amylalcohol, and RNA was precipitated with iso- 
propartol. Thewashed RNA j&ellet was dissolved in 
SDS and glyoxylated, and the RNA preparation 
loaded onto agarose gel After electrophoresis the 
gel was capillary blotted onto Zeta-probe mem- 
branes. Membranes were hybridized overnight 
with cDNA.probes pS2 and 36B4, which were la- 
beled with [aPP] dCTP by nick translations, 
■Washed membranes were exposed to Kodak X- 
omat AR film. Relative intensities of the mRNA 
bands were assessed visually as not detectable, ve- 
ry weakv weak, medium, strong, and very strong, 
taking the intensities of theubiguitous36B4 bands 
into account. 



7 Radioimmunoassay of pS2-prote\n 

Deep frozen specimens were pulverized with a rni- 
crodismembrator. The tissue powder was suspend- 
ed in 10 volumes of pHl.5 phosphate buffer. The 
homogenate was centrifuged in a refrigerated cen- 
: trifuge at 4°C for 60 minutes at 2600xg. The su- 
pernatant was removed wiih a Pasteur pipette, 
carefully avoiding the fai layer on the top. The pro- 
tein concentration in the supernatant was estimated 
by use of the Cbomassie dye-binding method [7J. 
An aliquot of the supernatant was diluted to a pro- 
tein concentration between 1 and 2mg/ml before 
assay of the pS2-protein. In one case the protein 
concentration of the supernatant was well below 
1 me/ml. . 



The estimation of the pS2-protein was perform- 
ed using a solid phase, two-site radioimmunoas- 
say. The kits were bought from CIS Biointema- 
tional, Gif-sur-Yvette, France (ELSA-PS2). In this 
method the molecules of pS2 are sandwiched be- 
tween two monoclonal antibodies; the first one is 
coated on the ELS A solid phase, the second one is 
radiolabeled with 125-iodine. The radioactivity 
bound to the ELSA is proportional to the concen- 
tration of pS2~protein. Details of the procedure are 
supplied with the kit (8), ' 

Results and discussion 

32 primary , breast carcinomas, metastatic breast 
carcinoma in 10 lymph nodes, and 20 samples of 
benign breast tissue from mastectomies were in- 
vestigated. Two of the carcinomas were of the infil- 
trating lobular type, two were ductal carcinomas in 
5/7m, one was a multicentric invasive ductal carci- 
noma, all others were invasive ductal carcinomas. . 

Examples of pS2 Northern blots have been 
shown in our previous paper [6] which demon- 
strate that undegraded pS2mRNA can be isolated 
by the method used. 

The results of the pS2~protein and pS2-mRNA 
assays are shown on Kg. 1. There was a good corre- * 
lation between-the two types of results. When pS2- 
mRNA could not be detected by Northern blot, 
pS2-protein results were usually below 3ng/mg 
protein (22 of 30) ; or between J and 3.7 ng/mg (6 of 
30). Two were exceptions (7.7 and 14.6); one of 
them could have been due to the very low protein 
content in the cytosol which would lead to a large 
pS2 value and an associated error. There was no 
explanation for the other high result. Very weak 
pS2-mRNA signals on Northern blots correspond- 
ed topS2-protein values between 1.1 and 19.2 with 
an average of 6.6 ng/mg protein (median 5.7); The 
mean arid median pS2-protein concentration in the 
tissue with wealc pS2-rnRNA signals were 14.3 and 
W.lngjmg protein, respectively. The average pS2- 
protein concentration increased to 32.7 (median 
31 .5) ng/mg protein for tissues assessed as medium 
pS2-mRNA intensity, and to 43.3 (median 53.8) 
ng/mg protein for tissues with strong or very strong 



pS2 expression in breast tissue 73 



pS2-mRNA signals. These values should be used 
as an approximate guide only, since the number of 
samples in the various groups was fairly smalh 
One-way analysis of variance confirmed that the 
means of the pS2-protein values in the groups 
made up according to their pS2-mRNA signal in- 
tensity, were significantly different (p <J0-*). 

If the pS2 gene is expressed, its expression is on 
average greater in breast carcinomas than in unin- 
volved breast tissue. If one takes pS2-protein val- 
ues above 4ng/mg protein as cut-off, the average 
pS2-protein in )4 breast cancers was 343 (median 
* (35.2), while it was only 18.1 (median 13.8) in 12 
uninvolved breast tissue samples.. If the cut-off is 
taken at lOng/mg protein, average pS2*protein in 
breast carcinoma is also about twice the level of 
uninvolved tissue. There were not enough lymph 
node metastases which expressed the pS2 gene to 
allow a comparison with carcinoma or uninvolved 
breast tissue. . * 

Recent preliminary results of pS2 by radioim- 
munoassay [9] are similar to ours for breast cancer 
but considerably lower than our results for normal 
breast tissue. 

The values of the pS2-protein measured obyi- ' 
ously depend on the protein used for calibration. 
V/e used the pS2-protein standards supplied with 
the CIS kit, which according to the supplier gave 
values from 0 to 740ng/mg protein in a series of 
205 breast cancer cytosols. Previously, a different 
standard had been used for presumably the same 
series of breast carcinomas [2], and a conversion 
factor to current standards is given as 2.8 [8]. 

It was noticed that the correlation between pS2- 
protein and pS2-mRNA was better in breast carci- 
noma specimens than in uninvolved breast tissue. 
This is unexplained, though it could be due to the * 
variable content of cell or tissue types in adjoining 
pans of a specimen, a variation more likely to oc- 
cur in our sampling of nori- malign am breast tissue 
compared to sampling of carcinomas. A similar 
variability in breast carcinoma specimens will 
probably have a smaller influence on the pS2 re- 
sults, since the malignant cells - if they do express 
the pS2 gene - contain more pS2- protein than nor- 
mal breast. 
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BACKGROUND: The extent of epithelial injury in asthma is reflected by expression of 
the epidermal growth factor receptor (EGFR), which is increased in proportion to disease 
severity and is corticosteroid refractory. Although the EGFR is involved in epithelial 
. growth and differentiation, it is unknown whether it also contributes to the inflammatory 
response in asthma. OBJECTIVES: Because severe asthma is characterized by 
neutrophilic inflammation, we investigated the relationship between EGFR activation and 
production of IL-8 and macrophage inhibitory protein-4 alpha (MUM alpha) using in 
vitro culture models and examined the association between epithelial expression of IL-8 
and EGFR in bronchial biopsies from asthmatic subjects. METHODS: H292 or primary 
bronchial epithelial cells were exposed to EGF or H202 to achieve ligand-dependent and 
ligand-independent EGFR activation; IL-8 mRNA was measured by real-time PCR and 
IL-8 and MIP-1 alpha protein measured by enzyme-linked immunosorbent assay 
(ELISA). Epithelial IL-8 and EGFR expression in bronchial biopsies from asthmatic 
subjects was examined by immunohistochemistry and quantised by image analysis. 
RESULTS: Using H292 cells, EGF and H202 increased IL-8 gene expression and 
release and this was completely suppressed by the EGFR-selective tyrosine kinase 
inhibitor, AG1478, but only partially by dexamethasone. MIP-1 alpha release was not 
stimulated by EGF, whereas H202 caused a 1.8-fold increase and this was insensitive to 
AG1478. EGF also significantly stimulated IL-8 release from asthmatic or normal 
primary epithelial cell cultures established from bronchial brushings. In bronchial 
biopsies, epitiielial IL-8, MlP-lalpha, EGFR and submucosal neutrophils were all 
significantly increased in severe compared to mild disease and there was a strong 
correlation between EGFR and IL-8 expression (r = 0.70, P <0.001). CONCLUSIONS: 
These results suggest that in severe asthma, epithelial damage has the potential to 
. contribute to neutrophilic inflammation through enhanced production of IL-8 via EGFR- 
dependent mechanisms. 
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Abstract 

Lung cancer is the most common C3use of cancer death 
in developed countries. The prognosis is poor, with less than 
15% of patients surviving 5 years after diagnosis. The poor 
prognosis is attributable to lack of efficient diagnostic meth- 
ods for early detection and lack of successful treatment for 
metastatic disease. Most patients (>75%) present with stage 
1)1 or IV disease and are rarely curable with current ther- 
apies. Within the last decade, rapid advances in molecular 
biology, pathology, bronchology, and radiology have pro- 
vided a rational basis for improving outcome. These ad- 
vancements have led to a better documentation of morpho- 
logical changes in the bronchial epithelium before development 
of clinical evident invasive carcinomas. This has changed our 
concept of lung carcinogenesis and emphasized the multistep 
carcinogenesis approach on several levels. Combined with 
the technical developments in bronchoscopic techniques, 
e.g., laser-induced fluorescence endoscope (LIFE) bronchos- 
copy, we now have improved methods to localize preinvasive 
and early-invasive bronchial lesions. With the LIFE bron- 
choscope, a new morphological entity (angiogenic squamous 
dysplasia) has been recognized, which might be an impor- 
tant biomarker and target for aniiangiogemc rhemopreveu- 
live agents. To retlure the mortality of lung cancer, these 
new technologies have been taken into the clinic m different 
jcientific settings. The use of low- dose spiral computed to- 
mography in the screening of a high-risk population has 
demonstrated the possibility of diagnosing small peripheral 
tumors that are not seen on conventional .\-ray. A shift in 
the therapeutic paradigm from targeting advanced clinically 
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manifest lung cancer toward asymptomatic preinvasive and 
early-invasive cancer is occurring. The present article re- 
views the recent advances in the diagnosis of preinvasive and 
early- invasive cancer to identify biomark ers for earfy detec- 
tion of lung cancer and for chemopr even lion studies. 

Introduction 

Lung cancer is the most common cause of cancer deaths in 
the countries of North America and other developed countries, 
accounting for 29% of all cancer deaths and more deaths than 
from prostate, breast, and colorectal cancer combined in the 
United States (I). Lung cancer. will be diagnosed in —170,000 
new patients in the United Stales in the year 2000, and < 15% of 
them will survive 5 years after diagnosis (1). The prognosis for 
the patients with lung cancer is strongly correlated to the stage 
of the disease at the time of diagnosis. Whereas patients with 
clinical stage IA disease have a 5-year survival of about 60%, 
the clinical stage 11- IV disease 5-year survival rate ranges from 
40% lo less than 5% (2). OveT two- thirds of the patients have 
regional lymph- node involvement or distant disease at the lime 
of presentation (3). The poor prognosis is largely attributable to 
the lack of effective early detection methods and the inability to 
cure metastatic disease. The unsatisfactory cure rates supports 
efforts aimed at early identification and inlervenlion in lung 
cancer. 

Historically, the only diagnostic tests available for the 
detection of lung cancer in its early stages were chest radiogra- 
phy and sputum cytology. The efficacy of these tests as mass 
screening tools was evaluated in controlled trials sponsored by 
the NO 3 and conducted at Johns Hopkins University, Memorial 
Stoan-Kcttcring Cancer Center, and the Mayo Clinic during the 
1970s (4-6). The principal goal of these studies was to deter- 
mine whether a reduction in lung cancel mortality could be 
achieved by adding sputum cytology testing to annual screening 
by chest radiogiaphy. Results fiom these trials showed that both 
tests could detect piesymptomatic, eaily- stage carcinoma, par- 
ticularly of squamous cell type. Fesectabiliry and survival rates 
were found to be gcneially higher in the study groups than in the 
control groups. However, improvements in rcscciability and 
survival did not lead to a reduction in overall lung cancer 
mortality, the most critical end point. A subsequent study of 
6346 Czechoslovak ran male smokers also found no reduction in 
hint' cancer mortality aftn dual screening by chest radiogiaphy 
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and sputum cytology (7). The negative results from these 
: screening studies lead the NO and other health policy and 
research groups lo conclude that mass screening programs in- 
volving periodic sputum cytological evaluation and chest radio- 
graphs could not be justified. However, controversies in the 
methodology and interpretation of the data from these studies 
have later been extensively discussed (8, 9). One additional 
study of annua? chest X-ray screening is currently being con- 
ducted by the NCI; The Prostate-, Lung-, Colorectal-, and Ovar- 
ian (PLCO) screening trial. This trial includes individuals 55-74 
. years old, but they are not selected for this trial on the basis of 
high risk for lung cancer (e.g., smoking history with >2Q 
pack-years). 

The failure of clinical trials to demonstrate the efficacy of 
sputum cytology and chest radiography as mass screening tools 
has resulted in a search for better diagnostic approaches for 
early lung cancer detection that lake advantage of recent devel- 
opments in molecular biology, gene technology, and radiology 
(10). Furthermore, as has been the case for mammography 
screening for breast cancer, it has also been important to identify 
risk groups foT hing cancer. 

Although, much is known about predisposing factors, nat- 
ural history, and the outcome based on histology and stage, our 
understanding remains very incomplete in many areas. What are . 
the early premalignant changes molecularly, biochemically, and 
* morphologically? Which changes are reversible and which are 
not? What research tools are available to provide answers to 
these questions? The identification of preinvasive lesions allows 
for developing promising methods for early intervention (11). 
The therapeutic paradigm and focus arc today shifting from 
targeting only clinically verified lung canceT as previously to- 
ward targeting, the premalignant and eaily- malignant lesions. 
Furthermore, the prospect of lung cancer screening has today 
become more meaningful as a consequence of recent develop- 
ments in biology and radiology and better possibilities to define 
high-risk populations most suitable for Inne cancer screening 
02). 

The present article will focus on the clinical perspectives of 
our biological knowledge of premalignant and early-malignant 
lesions and the potential of the recent technological advance- 
ment for early diagnosis of lung cancer. 

Pathology of Preinvasive and Early invasive 
Bronchial Lesions 

Most of the efforts to classify lung cancer have been 
directed toward invasive carcinoma (13). However, better un- 
derstanding of ihc pathogenesis of lung cancer aroused renewed 
interest in morphological abnormalities that fall short of inva- 
sive carcinoma but may indicate initiation of carcinogenesis. 
I hese morphological abnormalities are referred to as preinva- 
sive lesions and are shown in Fig. I. The last edition of ihe 
WHO classification oflnng tumors included the classification of 
preinvasive lesions as 3 separate sec lien. "Numerous recent stud- 
ies have indicated that lung cancer is not the result of a sudden 
transforming event in the bronchial epithelium but a multistcp 
process in which gradually accruing sequential genetic and 
cellular changes lesult in the formation of an invasive (:.?. 
malignant) tumor Mucosa! changes in the large airways that 



may precede or accompany invasive squamous carcinoma in- 
clude hyperplasia, metaplasia, dysplasia, and'CIS (14): Hyper- 
plasia of the bronchial epithelium and squamous metaplasia 
have generally been considered reversible, and not premalignant 
. in the sense of squamous dysplasia and CIS (15). 

Squamous metaplasia is a common finding, especially as a 
response to cigarette smoking. Peters et al (16) studied bron- 
choscope biopsies from six sites in 106 heavy cigarette smok- 
ers; Squamous metaplasia was noted a I one or more biopsy sites 
in approximately two- thirds of the group, and one-fourth 
showed squamous metaplasia in three or more biopsy sites. The 
incidence of squamous metaplasia increased with smoking his- 
tory and was highest in individuals who had smoked more than 
two packs of cigarettes a day. Auerbach et al (17) noted similar 
. findings in autopsy tissues: basal cell hyperplasia and squamous 
metaplasia are increased in smokers in proportion lo smoking 
history. Hyperplasia and metaplasia are believed to be reactive 
changes in the bronchial epithelium, as opposed to true preneo- 
plastic changes (17, 18). The reasons for this include: (a) they 
are frequently found in association with chronic inflammation, 
and may be induced by mechanical trauma; (Z>) they spontane- 
ously regress after smoking cessation; (c) in chronic smokers, 
the molecular changes present in these lesions are similar to 
those present in histologically normal epithelium; and (d) there 
are no reports linking their presence to increased risk for devel- 
oping lung cancer. In contrast, moderate- to-severe dysplasia and 
CIS lesions seldom regress after smoking cessation (19). 

Dysplasia and CIS are changes that frequently precede 
squamous cell carcinoma of the lung. Saccomanno et al (20) 
studied more than 50,000 samples from 6,000 men, many of 
whom had worked in the uranium mining industry. Both smok- ^ 
ing and uranium mining (radon exposure) .were found to be 
associated with increased incidence of dysplasia, CIS, and in- 
vasive cancer. The studies of Saccomanno et al established that 
increasing degrees of sputum atypia may be recognized an 
average of 4-5 years before the development of frank Jong 
carcinoma. 

Another question is: which grades of sputum atypia pro- 
gress to cancer? From the Johns Hopkins cohort of the NCI 
chest X* ray/sputum screening trial, we know that among indi- 
viduals with moderate atypia on sputum screening. —10% de- 
veloped known cancer up to 9 years later. Among individuals 
with severe atypia on the sputum screening. >40% developed 
known cancer during the same time period (2 J). Although there 
are data in the literature showing the relationship between 
sputum atypia and subsequent invasive cancer, there is still very • 
little information about the histological progression in the bron- 
chial mucosa in the high risk populations. In a recent publica- 
tion, nine patients with CIS were followed with auipfluorcs- 
cence bronchoscopy at regular intervals, and 5 (36%) had 
progression ro invnsivc cancer despite endobronchial therapy 
(22). Ihc number of invasive cancers might even have been 
highci if treatment had not been not given. Ongoing studies of 
high-risk subjects icy, the Colorado sputum cohort srudv) 
inihtdmg serial follow- up bronchoscopies will provide evidence 
related to the frequency of development of invasive lung cancer 
as if relates to sn>i>king history, air flow obstruction, and sputum 
atypra 

Since the previous WHO- classification was published in 
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Fig. I A, squamous metaplasia. The 
cells arc widely dispersed, with a reg- 
ular maturation from the basal region 
to ihe lop. There is keratin r2atico, and 
the nuclei/cyjoplasmic ratio is low. B, 
moderate dysplasia with ASD. Hypei- 
celhitority of the epithelium with in- 
complete maturaiion and micropapil- 
lary invasion of capillaries are seen. 
The nuclei/cytoplasmic ratio is high. 
C, severe dysplasia. There is marked 
pleomorphism of the cells with irregu- 
larity and prominent nucleoli. 




C 



8 Review: Advances in Earty Detection of Lung Cancer 



J981, two nonsquamous lesions have been added to tbe WHO 
classification of preraalignant lesions: atypical. alveolar hyper- 
plasia and diffuse idiopathic neuroendocrine cell hyperplasia 
(13). Both of these lesions are diagnosed rarely. The former 
consists of lesions <5 mm in diameter and composed of a 
peripheral epithelial cell proliferation with minimal cytological 
atypia or stromal response and resembles bronchioloalveolar 
carcinoma* The lesion has been* seen in hirig specimens resected 
for lung cancer, but no prospective significance, of this lesion 
bas been reported. However, this morphological lesion may play 
a role for the pathogenesis of peripheral lung adenocarcinomas 
(23, 24). The resolution of spiral CT (currently about 3 mm) 
approaches the diameter of these lesions, and it is anticipated 
rhat atypical alveolar hyperplasia will be increasingly encoun- 
tered in subjects undergoing this procedure (25). Diffuse idio- 
pathic neuroendocrine cell hyperplasia consists of a patchy 
increase in the number of well- differentia ted neuroendocrine 
cells in the bronchioles. This process may result in the formatibn 
of small carcinoid rumors, and for this reason it is considered 
. "preinvasive." To date, small cell carcinomas have not been 
associated wiih this lesion (13). 

Recently, the use of fluorescence bronchoscopy {see be- 
low) has increased the recognition of dyspiastic lesions in the 
large airways and a new morphological entity, ASD, was iden- 
tified (26). Dysplasia of bronchial epithelium in "micr ©papillo- 
matosis" and the possible link between angiogenesis and prein- 
vasive bronchial epithelial dysplasia were recognized as early as 
1983 by Muller and Muller (27), who also described the ultra- 
structure of these lesions. It has been suggested thai ihis angio- 
genesis, which is recognized as capillary loops projecting into 
the dyspiastic bronchial lining, is responsible for the reduced 
fluorescence seen in dyspiastic lesions by LIFE bronchoscopes 
(Figs. 1 and 3; Ref. 26). Future prospective studies will show, 
whether this morphological entity is correlated with a progres- 
sion to lung cancer so as to be a target for the use of antianeio- 
genic agents for cbemoprcvention. 

In general, there are several questions/problems relating to 
premalignani lesions, which will be addressed in future studies: 
{a) The morphological criteria for premalignani and carly- 
malignant changes, both on spurum cytology and in bronchial 
biopsies, have to be validated for intra- nnd inter observer repro- 
ducibility. 

(b) Uniform and reproducible morphologic al/cytologics I 
criteria have to be published more extensively, and d trajnrne set 
of slides should be available. By rhe use of Internet technology, 
this could be more easily facilitated (78). 

|c) The correlation of sputum atypia and histological 
•changes in the bronchi in high-risk population is not well 
defined. 

(d) The natural course of preinvasive changes in the bron- 
chi from the high risk subjects needs to be clarified through 
longitudinal, prospective studies with reference to histological 
changes in the bronchi. Ongoing longitudinal studies with flu- 
orescence bronchoscopy and multiple biopsies with histology 
nnd other biomarkers will define rhe ability of these markets to • 
assess for risk. 

(r) What is the parhology/biolog} of the small, often pe 
ripherally located, tumor* (3 mm in diameter), which a re more 



often diagnosed with newer radiological techniques (e.g., low- 
dose spiral CT)? 

(/) Optimization of the tissue procurement and processing 
techniques are important. Distinction of reactive from neoplastic 
processes is usually straightforward, but diagnostic difficulties 
may arise in the case of (a) inadequate or poorly prepared 
histological material to evaluate and (b) the presence of cylo 
logical atypia in epithelium stimulated by inflammation, viral 
infection, radiation, or chemotherapy. 

(g) DNA array analyses of gene expression: will it be 
useful? How to collect proper mRNA? Can mRNA extracted 
from microdissected cells obtained at bronchoscopy be globally 
amplified and still remain representative of RNA present in sitttl 

Biology of Lung Carcinogenesis and Potential Early 
Detection Markers. 

Lung cancer is the end-stage of multiple-step carcinogen- 
esis, in most cases driven by genetic and epigenelic damage 
caused by chronic exposure to tobacco carcinogens. The genetic 
instability in human cancers appears to exist at two levels: at the 
chromosomal level, including large scale losses and gains; and 
at the nucleotide level including single or several base changes 
(29). Lung cance'rs harbor many numerical chromosomal abnor- 
malities (aneupJoidy) and structural cytogenetic abnormalities 
including deletions and nonreciprocal translocations (30). At 
least three classes of cellular genes are involved: proto-onco- 
genes, TSGs, and DNA repair genes. Oncogenic activation often 
occurs via point mutations, gene amplification, or chromosomal 
rearrangement, whereas TSGs are classically inactivated by the 
loss of one parental allele combined with a point or small 
mutation or aberrant meihylalion of a target TSG in the remain- 
ing allele. Additionally, dysregulatcd gene expression (either 
increased or decreased expression) can occur by other, as yet 
unknown, mechanisms (30). Present studies have not yet con- 
firmed a prominent role for abnormalities of DNA repair genes 
in lung cancer. 

Preneoplastic cells contain several molecular genetic ab- 
normalities identical to some of the abnormalities found in overt 
lung cancer cells (Fig. ?). These include allele loss at several 
loci (3p, 9p. Sp, and I7p), mrc and ras up- regular ion, cy c I in Dl 
overexpression, p53 mutations, and increased immunoreactiv- 
iiy, bcI-2 ovcrexpressron and DNA aneupJoidy (31-35). Allclo- 
typing of precisely miciodissecicd. preneoplastic foci of cells 
suggests that the earliest changes in the bronchial epithelium is 
allele loss at chromosome regions 3p. ihen 9p, 8p, J7p r 5q ; and 
then ras mutations (36-39).Thc biological meaning of LOH is 
only vaguely understood. Recent evidence suggests that LOH 
may be a consequence of mitotic recombination, that there is 
only infrequent physical loss of genetic loci, and that LOH 
.probably precedes chromosomal duplication (40). Allelic loss 
would thus be significant primarily in the presence of mutation 
in the r darned allele, and gene dosage would nor be expected to 
cxen a phenoiypic effect in LOH. Some reports have indicated 
ihai mi; activation occurs at early carcinoma stages (34). His- 
tologically normal bronchial epithelium adjacent to cancers has 
also been shown to love err tain generic losses. Atvprcal ade- 
nomatous hypoplasia, the potent in) precursor lesion of arteno 
carcinoma.*;, often have Ki /ym rntiiation.s l<1 J). 
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Fig. 2 Sequential changes during lung cancer pathogenesis. Although multiple genetic markers are abnormal in lung cancers, their appearance during 
the lengthy preneoplastic process varies. The liming of the appearance of these changes has been investigated m bronchia) preneoplasia, because 
sequenrial sampling of the peripheral lung is technically, difficult. Several alrerations have been described in histologically normal bronchial epithelium 
of smokers. Other changes have been detected in slightly abnormal epithelium (hyperplasia, metaplasia) which we do not consider to be true 
premalienant lesions. These changes ate regarded as early changes. Molecular changes detected frequently in dysplasia are regarded as intermediate 
in timing, whereas (hose usually detected at the CIS or invasive stages are regarded as late changes. It should be stressed that although there is a usual 
order, exceptions icgarding the liming of onset may occur. Some changes are progressive, such as chromosome 3p deletions. Thus small discrete 
changes are present early, progressively become more extensive during pathogenesis, and frequently involve all or almost all of the arm in OS 
samples. Although allelic loss at the TP53 locus may precede the onset of mutations, data on this sequence are scant. Dysregulation of the RNA 
component of telomerase (with its appearance in noobasal cells) is an eaily event, whereas up-regulalion of the gene is a iclarively laie event. 



Aneuploidv 



MothyJation 



5q21 APC MCC LOH 
K-rss Mutation 



-> 



Molecular changes have been found not only in (he lungs 
ol patients with lung cancer, but also in the lungs of oment and 
former smokers without lung cancer (18. 42. 43). These obsci- 
vaiions are consistent with the multistep model of carcinogen- 
esis and "field enncerization" process, whereby the whole icgion 
is lepeaicdly exposed to carcinogenic damage (tobacco smoke) 
and is ni risk for developing multiple.- separate, c tonally unre- 
lated foci of neoplasia. The widespread ancuploidy that occurs 
throughout the respiratory tree of smokers supports this theory 

(44) . Howevn : the presence of the same somatic p_*>3 point 
mutation at widely dispersed preneoplastic lesions in a .smoker 
without invasive lung cancct indicates Jhat expansion ol a single 
progenitor clone may spread throughout the lespiratorv tree 

(45) . "lliese molecular alterations might thus be important 
targets foi use m the eatlv detection of lung cancer and lot use 
as surrogate biomaikeis in the follow- up of chemopicveniion 



studies. Detection of these mutant cells should be possible with 
ihe different molecular techniques in accessible specimens. The 
prospects of diagnosing these biological abnormalities in mul- 
tiple types of clinical specimens are discussed below. 

Specimens for Clinical Testing: Sputum 

Since The 1930s, cytological esomination of sputum has 
been used for the diagnosis of lung cancer (46). Cytological 
examination of spula, especially multiple samples, is helpful for 
the detection of central tumors arising from the larger bronchi 
{e.g., squamous cell- and small cell carcinomas). Exfoliated 
cells I torn peripheral Illinois, such as adenocmcinomas. arisinc 
from the smaller airways (small hi one hi. bionchiolcs. and alve- 
oli), especially ilmse less than ? cm in diameter . can be detected 
only occasionally in sputum samples. 'I his has become t»f 
greater importance because the changes in cigarette exposition 



JD Review: Advances in Early Detection of Lung Cancer 



(filters and decreased nicotine content) have created an increase 
in adenocarcinomas and a decrease in squamous carcinomas 
(47-49). The sensitivity of sputum cytology for earry lung 
cancer is only in the 20%~30% range from screening studies, 
but by adhering to proper specimen collection, and processing 
and interpreting criteria, the yield can be substantially improved 
(50, 51). The data on the reliability of the sputum are conflicting 
(52-54). Browman el al (52) reported interobserver agreement 
of 68% for exact and 82% for within - 1- category. HoIIiday et 
al (54) reported low agreement within observers (27- 60%) and 
across observers (13-50%). Within - 1 - category intraobserver 
agreement underwent a two- or 3- fold increase in agreement, ' 
which was also the case for interobserver agreement. The var- 
iation in intra- and interobserver agreement seems to depend on 
experience among the cylotechnicians/cytopathologists and the 
composition of categories studied. A higher degree of agreement 
is obtained for higher grades of dysplasia (54). Risse et al (55) 
showed that the ability to detect premalignanl conditions is 
dependent on the number and type of cells present in the deeper 
airways, suggesting a mode of improvement that is unrelated to 
observer reliability. MacDbugall et al (56) concluded that spu- 
tum cytology was too insensitive and insufficiently accurate to. 
be included in the routine work- up of any patient suspected of 
' having lung cancer. To improve Ihe reliability of sputum cytol- 
ogy examinations a simplification of the diagnostic categories 
from .6 (norma); squamous metaplasia; mild, moderate, and 
severe atypia; and carcinoma) to 2-3 categories have been 
proposed (54). Future clinicopathological studies will be re- 
quired to validate this concept. 

To' improve the sensitivity of sputum examination as a 
population-screening tool for the detection of early Jung cancer, 
several approaches are currently under development. 

Immnnoslaining. Annual sputum specimens obtained 
from individuals screened at Johns Hopkins were obtained, and 
the patients were monitored for 8 yeats {57). Because the 
clinical outcome of these patients was known, archival sputum 
specimens were screened for the presence of biomarkers that 
could indicate the presence of lung tumors in an early, preinva- 
sive stage. In an attempt to distinguish the pattern of marker 
expression Tuckman el al (58) studied two monoclonal ami 
bodies. Positive staining predicted subsequent Iimg cancer ap- 
proximately 7 years' before clinical recocniiton of the disease, 
with a sensitivity of 91% and a specificity of 88% (58). One of 
these antibodies (703 D4) had a higher sensitivity and was later 
identified as recognizing hnRNP A2/BI (59). 7he <iole ol" 
hnRNP A2/BJ ovcrexpression for detecting preclinical lung 
cancci has been studied in a large high- risk population including 
6000 Chinese tin miners who were heavy smokers and who hail 
an extraordinary rate of lung cancer (60). The results from. this 
study indicated that detection of hnRNP A2/BI oveiexpression 
in sputum epithelium cells was 2- to 3- fold more sensitive for 
detection of lung cancci than standard chest X-ray and sputum 
cytology methods. The method was particularly effective in 
identifying early disease (60). The sensitivity was 74% versm 
?)% for cytology and 4?% for chest X-rav. However, the 
mcmaiker had a lower specificity |70%f compared with c\iol- 
ocy (100%) and chest radiograph (90%). An ongoing clinic a I 
trial is evaluating the performance of rhe A?'I.H pioicin as a 
biornaikcr for the eatly detection of SPLC Ihe patients :tt n>k 



for SPLC have the highest incidence of lung cancer (2-5%) 
among asymptomatic populations (6 J). In this trial, 13 SPLCs 
were identified by A2AB1, and the sensitivity and specificity 
were 77-82%. and 65-81%, respectively. Among the cases 
identified as positive by immujiocylochemisrry and image cy- 
. lometry, 67% developed SPLC within I year (62). Whereas the 
previous immunocytochemistry studies on material from the 
older - screening materia) from the NCI-supported screening 
studies were made on sputum cells cytologkalry classified with 
moderately or gravely atypical metaplastic appearance, Ihe latter 
studies have been done on cytologically. "normal appearing" 
cells. More recently Sueoka etal (63) reported the confirmation 
of the value of overexpression of hnRNP A2/BI to delect 
preclinical lung cancer in Japan. Efforts to improve the sensi- 
tivity of hnRNP markers are ongoing (64). . 

PCR Techniques. PCR techniques have been used for 
the evaluation of molecular biomarkers for earry hing cancer 
detection. In a pilot study with selected patients from the Johns 
Hopkins Lung Project (JHLP), 8 (53%) of 15 patients with 
adenocarcinoma or large cell carcinoma were detected by mu- 
tations in sputum cells from 1 to 13 months before clinical 
diagnosis (65). However, the method seemed to be less sensitive 
than the protein marker described above, and the identification 
of specific gene abnormalities is further limited by the need to 
know ibe specific mutation sequence with which to probe the 
sputum specimens. Currently, this approach is not practical for 
screening undiagnosed individuals. Future advances in gene 
chip technology may permit testing for all possible mutations of 
common oncogenes and TSGs in clinical specimens of asymp- 
tomatic individuals (62). 

Microsatellite markers are small repeating DNA sequences 
found in the noncoding regions of a gene. PCR amplification of 
these repeat sequences provides a rapid method for assessment 
of LOH and facilitates the mapping of suppressor genes (66, 
67). MicrosatelJite alterations are extension or deletions of these 
repeated elements. Detection of microsatellite alterations in 
histological or cytological specimens may facilitate the detec- 
tion of clonal preneoplastic or neoplastic cell populations. Al- 
though the detection of microsatellite alterations does not indi- 
cate Ihe specific genetic change in the rumor, detection of clonal 
cell populations might serve as a cancer screening marker (65). 
Identical alterations have been found in lung cancers and cor- • 
responding spurum samples demonstrating minimal 3typia (68). 
Jhe pit gene is located on the short arm of chiomosome 
9(9p2t) and is frequently mutated or inactivated in nimors and 
cell lines derived from lung cancer (69. 70). Dclinsky et al (71) 
measured hypcnneihylatjon of the CpG islands in the sputum of 
lung cancer patients and demonstrated a high correlation with 
early stages of non-small cell lung cancer, which indicated rhot 
p)6 CpG hypermeihylaiion could be useful in the prediction of 
fumre lung cancer. However, prospective studies are needed to 
evaluate the role of p) 6 hypermeihylaiion as :t marker for early 
lung cancer detection. Multiple other genes ate inactivated by 
hypermeihyhrion in lung cancer (72), and the detection of 
hypermeihylaiion may be useful for risk assessment and eatly 
diagnosis. 

Compute* -assisted lma«je Analysis. Computet- assisted 
image analysis was initially used to delect malignancy- associ- 
ated changes [e.g.. subvisnal or nonubvious changes in ihe 
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distribution of DNA in the nuclei of histologically normal cells 
in the vicinity of preinvasive or invasive cancer; 73). In a 
retrospective analysis of sputum cytology slides, malignancy- 
associaled changes alone correctly identified 74% of the sub- 
jects who later developed squamous cell carcinoma (74). The 
technique has been improved, and recent data showed sensitiv- 
ities of 75% for stage 0/1 lung cancer and 85% for adenocarci- 
nomas with a specificity of 90% (75). This quantitative micros- 
copy technique allows the examining of thousands of cells per 
slide within a relative short time. Similar techniques have been 
approved in the United Stales for cervical cancer screening, and 
: might, in the future, play a role for lung cancer screening. 
However, no prospective clinical studies has evaluated this 
technology in a larger lung cancer screening setting; 

High Throughput Technology. With future advances in 
^ene chip technology, it might become feasible to probe for 
expression of multiple genes in sputum specimens of asymp- 
. tomatic individuals. However, this requires a large amount of 
undegraded RNA from respiratory tract cells. With the high 
throughput technology, a higher sensitivity might be achieved 
by using multiple markers at the cost of achieving a lower 
specificity, which would be undesirable for a screening study. 

In conclusion, we need to reevaluate the role of sputum 
cytology for screening and early detection of lung cancer be- 
cause of advances in biomarkers and technology. Ongoing stud- 
ies with standard and biomarker analysis in high-risk groups 
mighl change the previous negative attitude and provide a new 
perspeclive on sputum cytology as a mass screening lool when 
applied in a high-risk population. Adding different molecular 
diagnostic tests gives the possibility for early diagnosis far in 
advance of clinical presentation. However, validation of Ihe 
tests in larger prospective studies is necessary, and the individ- 
ual tests have to be compared wjih each other to define the role 
of early diagnosis in the overall management of high-risk sub- 
jects. Furthermore, health economic issues have lo be consid- 
ered. 

Specimens for Cfinicof Testing: BAL 

DAL involves the infusion and rcaspiralton of a sterile 
. saline solution in distal segments of the lung via a fiberoptic 
bronchoscope. Ahrendi et oi : (76) examined a seiies of 50 
resected non.SCLC tumor patients and compared the rumor and 
BAL with regard lo molecular markers including p53 mutations, 
K-ias mutation, the mclhylniion status of the CpG island of the 
pit gene, and microsafellite alteration {Tables I and 2). With 
the possible exception of the lest for microsatellile alteration, all 
of ihe tests had relatively high sensitivity and could detect 
mutant cells in the presence of a large e.\ccss of normal cells. 
The frequencies of these changes in the rumors ranged from 
27% (for K-ias mutations) io >U% (for p53 mutations). As 
expected, p53 mutations were more frequent in central (predom- 
inantly- squamous cell) tumors, ami K-ras mutations were more 
frequent in peripheral (predominantly adenocarcinoma) tumors. 
The specificity was high I nearly 100%) because, with ibe ex- 
ception of microsatrllite alterations, the same genetic change in 
BAL sample as in rumors was always round, but ihe sensitrviry 
wns low. and in only of turners that contained molecular 
lesions were ihe same abnormalities detected in corresponding 
PAL fluids. Specifically, ihe tests were least helpful in the 



group of patients in whom improved diagnostic abilities are 
most needed, those with smaJL, peripherally. located tumors (77). 
Unfortunately, the investigators were not able lo compare the 
molecular tests with routine cytopathological analysis of the 
BAL specimens. The sensitivity of the molecular tests in BAL 
specimens has to be improved, and we need to know the results 
from subjects at increased risk (current and former smokers 
without lung cancer and survivors of previous cancer of the 
upper respiratory tract) and subjects with chronic lung diseases 
as well as results from healthy never smokers. 

A European group has previously shown that genetic al- 
terations detected in DNA from bronchial lavage of individuals 
with lung cancer were also found in individuals with no evi- 
dence of malignant disease (78), which raises the question about 
the specificity of such molecular damage in neoplastic condi- 
tions. To improve Ihe sensitivity and specificity of detecting 
allelic imbalance in lung tumors, high throughput PCR : based 
microsateJlite assays have been established (79). Jn a recent 
study by Fielding et al (80), the up-regulation of hnRNP A2/BI 
was found to be a promising marker in BAL for the detection of 
premalignant and malignant bronchial lesions with a diagnostic 
sensitivity of 96% and a specificity of 82%. 

II is too early yet to make conclusions as to whether BAL 
examinations will add lo other pathological/molecular biologi- 
cal clinical studies. To obtain diagnostic material for BAL 
bronchoscopy is required, and we do not have any data that 
compare BAL examinations with biopsies. Thus, we do not 
know whether BAL is a valuable adjunct to Ibe biopsies taken 
under the same bronchoscopy procedure. 

Specimens for Clinicaf Testing: Peripheral Blood 

For many years scientists have searched for a lung cancel - 
specific rumor marker that could be detected in peripheral blood. 
Optimism was raised in the "early" immunocytochemisiry era 
by the use of monoclonal antibodies raised against more- or- Jess 
specific epithelial epitopes. In the search for epithelial cells in 
peripheral blood and bone marrow, monoclonal antibodies 
against cyrokeialin have been used. However, these reactions 
are clearly not cancer- specific, and some antibodies have been 
shown to cross- react with norma) blood or bone marrow ele- 
ments (81, 82). Another explanation could be that cells from the 
macrophage/monocyte system may contain proteins derived 
from the primary tumor thai have undergone necrosis and 
apoptosis and that these processed proteins are recognized by 
the antibodies (82). On the basis of "traditional" immimocyto- 
chemisiry. no markers have been able to detect premalignant oi 
early- malignant disorders based on a peripheral blood sample. 
However, with the development of DNA technologies, new 
possibilities have been raised, and. wiih the use of PGR tech- 
niques, some promising i opens have been published. 

Nanogram quantities of DNA circulating in blood arc pres- 
ent in healthy individuals (S3. 84). Tumor DNA is also released 
into the plasma component in increased quantities (8_\ 86). 
Thus, the plasma and scrum of cancer patients is enriched in 
DNA,- an aveiage lour limes the amount of free DNA as com 
pared with normal controls (87). In a srudy by Chen et al. <SS). 
a comparison of microsatellite alterations in rumor and plasma 
DNA was done in SCLC patients, and 93% of the patients wiih 
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Table I Tissues and other resources for the study of molecular markers 



Specimen 



Ref. 



Comments 



Tumor tissue 
Sputum 

Surrogate organ 

Bronchial brush/wash 
Bronchial tissues 

BAL fluids • 
Blood components 



Numerous 



65, 68, 71, 74 



140 



Ml, 142, 143 

42, 43, 45, 144, M5 



76, 78, 146, 147, 148 
72, 92, 149 



Tissue for molecular staging 150, 151 



Tumor cell tines 



Cultures of nonmalignant tissues 154. 155 



Nonmolignant tissue, from patients 156, 157. 155 
and fiom cancer- free relatives 



Mixture of cell types, may require microdissection (139). Extensively used 
for most. studies. Alcohol- fixed fine- needle aspirates may be used for 
mutational arid other studies. 

Respiratory cells usually in small minority. Mosi samples fixed in. 
"Saccomanno's fixative. Several studies have been performed on these 
specimens many years later. 

Predominantly squamous epithelial cells. Buccal smears; broshings of 
tongue or tonsil may be explored as potential surrogate organs resulting 
from the field effect of tobacco damage of the entire upper .. 
aerodigestive tract. This concept needs to be confirmed.- 

Predominantly respiratory cells. Fresh, frozen, or alcohol-fixed samples are 
suitable for multiple studies including FISH.* 

Usually from bronchial biopsies, but may be obtained from surgical 
resection specimens. Formalin fixation and paraffin embedding required 
for histological diagnosis, although EAS1 preps may permit 
identification and isolation of subpopolations. Paraffin sections may be 
used for genotyping polymorphisms,' for alleloryping, and for in situ 
hybridization. 

BAL fluids are useful for examining the peripheral airway cells, which are 
the precursor cells of most adenocarcinomas. Numerous mononuclear 
cells present. Enrichment of epithelial cells desirable. 

Analysis of circulating rumor cells and genetic material shed by dying 
tumor cells into the plasma component may yield useful biological and 
diagnostic information. Gene mutations and presence of epithelial cell 
markers have been used to detect circulaiing rumor cells. Gene 
mutations, allelic loss, mtCTOSatellite alterations, and aberrant 
methy ration have been used to identify tumor cell DNA released into 
the fluid compartment. 

Although little data exists for lung cancers, regional lymph nodes, sentinel 
lymph nodes, and surgical resection margins have been used in other 
rumor types for molecular staging. 

Provide an unlimited self-replicating source of high- quality molecular 
reagents and have been used for numerous studies. Cell lines may or 
may not reflect the properties of the tumors from which ihey were 
derived (26). although they probably represent cellular subpopu 1st ions 
(27). Aggressive metastatic rumors are more likely to be successfully 
cultured (28) resulting in skewed data. 

Epithelial c»l lures may be useful for siudying molecular changes during 
multistage pathogenesis. Temporary as well as a few immortalized 
cultures from nonmalignant epithelial cells have been established. 
B-lymphoblastoid cultures are useful for linkage analysis, for genetic 
suspect ibility studies, and for alleloryping corresponding tumors. 

Tissues such as buccal smears, turn or -free lymph nodes, and peripheral 
blood mononuclear cells are useful as controls for linkage analysis, for 
genetic susceptibility studies, and for alleloryping corresponding tumors. 



" F1SM, fluorescence in tiiu hybridization; EASJ. epithelial aggiegnte separation and isolation. 



microsatcllite alterations in rumor DNA also had modifications 
in the plasma DNA. However, some patients hnd LOH only in 
the rurnoi DNA. Because rno;i of the tniaosarellite alterations 
were similar in tumor DNA anil plasma DNA. they concluded 
that some of the DNA ciicuhting in the blood comes (torn the 
runiot. Thus, modifications of circulating DNA can be used as 
an catlv Or tec i ion marker. Detection of a ben ant DNA methyl- 
ation in scnmi DNA in patients with non-SCI. C has been 
reported (72). Although the number of patients was small and 
the hyperrnr ihyhtted DNA was found in all stapes, it opens tip 
fot the possibility to be used as an early lunp cancel detection 
rnarkei. Fmibeirnoie. p5J and ray Gene mutations have been 



detected tn the plasma and serum of patients with colorectal 
cancers (89-9 J), pancreatic carcinomas (92. 93). and hemato- 
logical malignancies (94). 

In conclusion, the limited direct accessibility of lung car- 
cinomas has led to efforts to identify tumor- associated soluble 
markers in serum or plasma. Many of the currently recognized 
soluble markers were first identified as "tumor markets but. 
when evaluated in nonneoplastic tissue, have often been found 
in normal cells as well as in turnOis. For early detection of lung 
cancer, we need mote clinical data evaluating; these new molec- 
ular biological maikets from multiple sites, especially in hl^h- 
risk croups. 
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Table 2 Molecular approaches for lung cancer investigation 



Specimen 



Ref 



Comment 



Gene. mutations 



Alleloryping 



Gene expression at RNA 
and protein level 



Molecular cytogenetics 



Comparative genomic 
hybridization 

Morphomelric studies 



159, 160, 161 



18, 158 



145. 162, 163, IW. 165, 166 



40, 167, 163, 169, 170 

171, 172 
74, 173; 174 



Widely used technique, especially for p53 and ras genes; Often used 
to determine the r6le of a newly discovered gene in the 
pathogenesis of hing cancer. May be of diagnostic and prognostic 
significance. Multiple methodologies available. 

Useful as a partial substitute for mutational analysis and for 
determining the chromosomal locations of putative tumor 
suppressor genes. Widely used to study multistage pathogenesis. 
Readily performed on formalin- fixed and microthssected tissues. 
Increasing use of genotyping using automatic sequencers. 

Northern blotting and reverse transcription- PCR are widely used to 
investigate gene expression. Western blotting often used for 
detection of protein expression, in situ hybridization for message 
expression can be performed on paraffin-embedded tissues and, 
thus, can be used to investigate multistage pathogenesis. ■ 
Microarray techniques offer promise of examining all or most of 
the genome but currently require relatively large amount of high-, 
quality RNA from purified cell populations Sage technique useful 
for investigation and identification 'of expressed genes. Similarly, 
advances m proteomics will permit simultaneous detection of 
multiple proteins. Numerous immunohistochemical studies of • 
. oncogene expression have been used to study multistage 
pathogenesis. Of particular interest, hnRNP expression on 
exfoliated epithelial cells in sputum samples may predict for 
development of cancer. 

In situ hybridization studies of fixed materials or using smears has 
provided considerable information about numerical and structural 
changes. 

Useful for detection of gene amplifications. Less sensitive for the 
detection of regions of allelic loss. 

May be applied to paraffin-embedded tissues. Useful for determining 
aneupJoidy and for measuring a number of nuclear and 
cytoplasmic parameters. 



Specimens for Clinical Testing: Bronchoscopy 

WLB is the most commonly used diagnostic tool for ob- 
taining a definite histological diagnosis of lung cancer. Bron- 
choscopy has major diagnostic limitations for piemalignant le- 
sions. Because these lesions aie only a few cells thick (0.2-1 
mm) and have a surface diameter of only a few millimeters, they 
rarely are observed as visual abnormalities. WooJner (95) re- 
ported that squamous cell CIS was visible lo experienced bron- 
choscopists in only 29% of cases. To address this limitation, 
fluorescence bronchoscopy was developed, Early studies of 
fluorescence bronchoscopy entailed the use of fluorescent drugs 
(hemaloporphyrin dyes) that were preferentially retained in ma- 
lignant tissue (96). Although; studies evaluating this approach 
did. in fact, show that early invasive and situ cancers could be 
localized, the detection of dysplasia remained problematic (97- 
100). Furthermore, the development of phoiodynamic diagnos- 
tic systems was hampered by problems including skin photo- 
sensitizing and inter feience with tissue auiofluoresccnce. To 
overcome these pioblcms. a new Jasci phoiodynamic diagnostic 
system was developed (101). This system detected rumor- 
specific drug fluorescence at 630 mid wavelength, which is fai 
fiom normal tissue aiitidluoiesceiKc ("M.'fi-oSO nm,». and inter- 
ference by antofluorcsccnce lioni normal tissue should then 
have been eliminated.- but it remained a Mgnilkant problem 
(102). 



Another approach was developed by Palcie et al (103), 
who noticed the lack of auto fluorescence in the rumor lesions by 
using blue light (442 nm) rather than white light to illuminate 
the bronchia! surface. They amplified the difference in auiofluo- 
rescencc between normal, ptemalignant, and tumor tissue for 
clinical use (103. 104). Using a high-qualiry-charge coupled 
device and special algorithm, the LIFE was developed, taking 
advantage of the principle that dysplastic and malignant tissues 
reduce autofluorcsccnt signals compared with normal tissue 
(Fig. 3). 

Several studies have been performed comparing the diag- 
nostic specificity and sensitivity of LIFE bronchoscopy versus 
WLB in diagnosing preinvasive and early-invasive lesions 
(105-109; Table 3). Most of the studies reported a higher 
diagnostic sensitivity of LIFE btonchoscopy in the deteciion 
piemalignant and eaily-malignanl lesions at the cost of. lower 
specificity {i.e., more false- positive results). In most of these 
studies, lesions with moderate dysplasia or worse were the taigct 
of the study ,-md lated as "positive." The prevalence of prein- 
vasive and caily lung cancer varies widely from one study to 
another, from 20.2% (105) to (o.S% (102). The e:\planation 
might be beyond the risk profile of genetic variations or differ- 
ent levels of experience among the endoscopists as well as the 
pathologists involved. Furthermore, there scents to be a training 
effect in using the LIFE bionclmseopc. which has been demon- - 






strated by Verunans a al. (J 07). In ihcir study, ihc diagnostic 
sensitivity increased from 67 to 80% when comparing (he frrst 
and the second half of (he study/The use of the LIFE device in 
conjunction with WLB improved the detection i ate of preneo- 
plastic lesions nnd'OS significantly (Table 3). Knric et al, f 106) 
looked for more subtle tissue transformation, but their smdv 
included few patients" with moderate dysplasia oi worse. No 
improvement in the evjhi;ition of metaplasia inde> was ob- 
served by the use of LITE bronchoscopy. Thus, differences in 
the study population might explain the different conclusion. 
There ate still no clinical studies with sufficient long-term data 
showing thai moderate dysplasia is ibe most relevant clinical 
predictor of eventual malignancy. Limitations in making con- 
clusions from the c'vistniL' studies rue also the potential meth- 
odological bias related to the ordci in which the different bron- 
choscopy procedures ;ne .h-ne and whether the same examine i 
has performed both procedures To address these issues, a 



piospective randomized study between LIKE bionchoscopy and 
WLB was done at the University of Colorado Cancel Center. 
The study design included a randomization with tegard to the 
order of procedure as well as the order of the individual bron- 
choscopist n0\>). "I'hc order of the procedure and of the indi- 
vidual bronchoscope i did not affect the results. The study also 
demonstrated a significantly higher sensitivity in detecting pie- 
malignanr lesions visualized by the LIFE, but at the cost of a 
lower specificity (10°). *Fhe reason for the low diagnostic spec- 
ificity found wiih the LIFF: bronchoscopy in the differ eni studies 
might be ariribuiable to the visualization of more abnoirna! foci 
with the LIFE bronchoscope, with the consequence that a larger 
number of biopsies were taken and. thus, (here was a higher risk 
of mnie false-positive results. The use ol 1. 1 HE hone hoscopv 
has led to die identification of a new m or photon it al entity, the 
ASU. which is described above. In a recent morphological snujv 
angrodyspl.-iraie t hanges wi-tr ft fluently found m preneoplastic 
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Fig. 4 Seventy-one-year-old man .with a spicubr nodule in upper left 
lobe demonstrated on low-dose helical CT {picture), but not visible on 
chest X- radiography. CT- guided biopsy showed adenocarcinoma. 



and early- malignant lesions in the bronchi (26). The morpho- 
logical entity has been confirmed in preneoplasias among smok- 
ers, and the perspectives of this finding have been extensively 
discussed (110). The prognostic significance of this morpholog- 
ical entity is currently studied in ongoing long-term follow-up 
studies. Future studies have to evaluate the role of ASD as a 
biomarker for early lesions and whether it can be used as a 
marker for treatment effect or therapeutic target for cbemopre- 
vention. 

The LIFE bronchoscope may play an important role in ihe 
screening and follow-up of subjects at high risk of developing 
lung cancer. At this stage, however, it is unknown whether the 
LJFE bronchoscope wilJ lead to a reduction in lung, cancer 
mortality. There are also no data on cost- effectiveness and 
cost -bene fit analyses available for this new diagnostic proce- 
dure. The use of the LJFE bronchoscope may also in the future 
be extended to other indications, eg., patients staged as having 
resectable lung cancer on one side. Whether LIFE bionchoscopy 
of the contralateral lung will disclose abnormalities, which 
would change the therapeutic decision, is not yet tcponcd. . 

Recent Advances i» Kntliology 

The previous NCI- sponsored screening trials failed to dem- 
onstrate any reduction in the lung cancer mortality by sputum 
cytology and yearly chest radiography 3S mass screening tools 
lor lung cancer screening. Limitations of design and execution 
of the studies, howevei, have been discussed extensively (8. 
Ml. 112). An extended follow-up (median. 20.5 years) of the 
Mayo Lung Project was recently published (113). There was 
still no diffeience in lung cancer mortality between the inter- 
vention ami and the control arm 1 4.4 rer.su* 3.9 death? per 1000 
person-years). However, the median survival for patients uiib 
resected early-staee disease was 16.0 yeais in the intervention 
p.rm vr/.wo 5.0 years in the usual care arm [P < (Mb). 'I he latter 
findings have raised the question as to whether some small 
lesions with limited clinical relevance rnav ha\e been identified 
in the intervention arm, and the question ol "overdiagnosis" was 
discussed in accompanying editorials |l|4f 



Mass screening for lung cancer has been performed in 
Japan for marry years and has been performed in over 500,000 
. people in about 80% of the local communities (1)5). Sobue el 
al. (116) observed that annual clinic-based chest X-ray screen- 
ing for rung cancer in Japan showed reduced hmg cancer mor- 
tality by about one- fourth among individuals who. underwent 
screening once -a year. In this screening program, the relative 
odds ratio of dying from rung cancer within 12 months was 
0.535 and in the 12-24-month period was 0.638 (1 17). How- 
ever, many studies have focused on the pitfalls in the detection 
of abnormalities by radiography (1 18—122). The limit of chest 
radiographic sensitivity for nodule detection is roughly I cm in 
diameter, by which time the rumor has over ICr 9 cells and may 
already have violated bronchial epithelium and vascular epithe- 
lium. CT has been shown. to be more effective in the detection 
of peripheral rung lesions compared with plain radiography or 
conventional tomography of the whole hmg (123, 124). 

Spiral CT scan is a relatively new technology with the 
. ability to continuously acquire data resulting in a shorter scan- 
ning time, a lower radiation exposure, and improved diagnostic 
accuracy compared with those of plain radiography (125-127). 
Spiral CT allows Ihe whole chest to be imaged in one or two 
breath- holds, reducing motion "artifacts and eliminating respira- 
tory misregistration or missing nodules. Although there is 
greater radiation exposure with CT than with chest radiography, 
low- dose techniques (lower mA of 30-50 compared with 200 
for conventional CT) have achieved calculated exposure doses 
that are 17% that of conventional CT and 10 times that of chest 
radiographs. Further reduction in radiation dose while maintain- 
ing diagnostic accuracy is a topic of current research. Further- 
more, for the baseline screening, low-dose, spiral- CT- scan i.v. 
contrast is not administered. Nodules as small as 1-5 mm can be 
shown with modern spiral CT technology (25. J 28). The obvi- 
ous advantages with this new technology led some groups in 
Japan and in the United States to look to low-dose spiral CT as 
a tool for screening (Refs. 129-131; Tables 4 and 5). 

In a Japanese report, spiral CT scans and chest radiographs 
were done twice a year in 1369 individuals (129). Peripheral 
lung cancer was detected in 15 (0.3%) of 3457 examinations, 
and, among the 15 lung cancer cases detected, the results of 
chest X-ray were negative in 1)(73%), and the tumors were 
detected only by low-dose spiral CT. The detection rates of 
low-dose spiral CT and chesi X-tay were 0.43% (15 of 3457 
examinations) and 0.12% (4 of 3457 examinations), respec- 
tively. Furthermore, 14 (93%) of the 15 lung cancers were stage 
) disease. The histology showed that ) I of the 15 lung cancer 
cases were adenocarcinoma, and 4 had squamous cell carci- 
noma. The effective exposure dose with spiral CT scan in that 
study was calculated to about one- sixth that of conventional CT. 

The ELCAJ* in New York was designed to determine: in) 
the frequency with which nodules were detected; (/>) the fre- 
quency with which delected nodules represent malignant dis- 
ease: and (c) the frequency with which malignant nodules are 
curable f 131). In the EL CAP study. 11 lung cancers were found 
among 1000 subjects screened. Among the 71 patients with 
cancer. 85% had stage I disease l iable 5). 

Another population- based study on low- dose C I scieening 
has been published by Sone ct al ti30). using a mobile low- 
dose spiral C I scanner. The detection rate was 0.48% H.r., 4-5 
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Table 3 Bronchosc opy versus WLB in dbgrHwing premah'grianl and early-malignant lesions 

Specificity 



Sensitivity 



Predictive vahies 



Autbot 



Lam et at. (105) 
Kurie et a/.* (106) 
Vcnmans el at. (107) 
Vermulen et al (108) 
Kennedy et al. (l09) 



Relative Relative PPV NPV 

No of LJFE+ , sensitivity LIFE+ specificity LIFE+ L1FE+ PPV NPV PPV NPV 

b iopsies WLB LIFE WLB LIFH+WLB WLB LIFE WLB LIFE+WLB WLB WLB LIFE LIFE WLB WLB 

700 0.67 NR 0.25 63(2.7/ 0.66 NR 0.90 

036 NR 

0.61 0.88 

NR 0.87 

0.43 0.78 



234 
139 
172 
394 



0.67 
NR' 
NR 
0.93 
0.79 



NR 0.25 

0.38 NR 

0.89 0.78 

NR 0.25 

0.72 0.18 



63(2.7/ 
NR 

i:43 

3.75 
4.4 



0.66 
NR 
NR 
0.21 
03 



NR 
NR 
NR 
NR 
0.38 



033 
NR 
0.20 
0.13 
0.21 



0.89 
NR 
NR 
0.96 
0.85 



NR NR 0.39 0.83 

0.16 0.81 NR NR 

0.14 0.99 032 0.98 

NR NR 0.19 0.90 

0.25 0.87 . 0.17 0.80 



' PPV, positive predictive value; NPV, negative predictive value; NR, not reported. 
b Based on reference pathologist. 
* If invasive carcinoma is included. 



Table 4 Results from three population-based screening studies with low- dose spiral CT (LPCT) 



Detection rate % 



Authors 



No. of individuals 


True 


Fake 


Predictive 






studied 


positive n 


positive" % 


value % 


LDCT 


. X-ray 


1369 


15 


15.6 


6.6 


0.43 


0.12 


■3967 


19 


5.0 


8.8 


0.46-0.5 




1000 


27 


20.J 


11.6 


2.7 


0.70 



Pack-yr 



Age incj. 
V 



.Kaneko e t al (129) 
Sone et al. (130) 
Henscbke et al. (131) 



>20 >50 
>30* 40-74 
>10 r >60 



" Defined as individuals wilh "test-positive,'* in whom further workup gave no suspicion of malignancy. 
*Tbc study also included a group of nonsmokcrs. 
c Average - 45 (not reponed in the other studies). 



Table 5 Histology, stage, and size of primary lung cancer delected by low-dose spiral CT 



Author 



No. of cancers/ 
No. scieened 



Histology % 



Size (mm) 



Adeno* Squam. Other 



1 II 111 IV Average Range <10 11-20 >2) 



Kaneko.fro/. (12?) 
Sone et al. (130) 
Hcnschke et ul. (131) 



15/1369 (1-1%) 
19/5483 (0.3%) 
27/1000(2.7%) 



73 
63 
67 



17. 
5- 
. 3 



32 
30 



93 
84 
85 



7 
II 



12 
17 



8-18 
6-47 



4 
15 



" Adeno, adenocarcinoma; Squam.. squamous cell carcinoma; TNM, tumor- node- metastasis. 



cases per 1000 examinations). Surprisingly, there was no dif- 
ference in the detection rate among smokers (0.52%) versus 
nonsmokcts (0.46%). The results from the three population- 
based studies are summarized in Tobies A and 5. The conclusion 
from these studies is that S.S% of the lung cancers detected by 
low-dose CT were in .stage 1, offciing improved possibility for 
curative treatment and bettrr prognosis in general. However, the 
issue of "false- positive" scans has to be taken into consideration. 
Thus far. up to 20% of the participants with nodules on (be scan 
had no malignancy during the follow. up period. The possibility 
that the cancers found represent incidental cancers as in the 
Mayo Lung Project must also be considered (1 M). The results 
from these studies confirm the expectation thai low- dose CT 
increases the detection of small nonealnficd nodules and, that 
lung cancer at an earlier and moie curable stage are detected. 
The mobile CT screening study by Sone et al. ( 130) showed that 
tow- dose CI increased the likelihood uf detection of malignant 
disease 10 times as compared wjih jadii^iaptiy. The overall tale 
of malignant diiea;e was lower in the Japanese studies (129. 
130) compai cd with the HI. CAP Mudy tKrf. 1? I: detection rates 
0.43-0.4S% vi'cmjj 2.7%). This could be because the Japanese 
studies .screened individuals bom the general population ages 



40-74, whereas ELCAP screened people at high risk, ages £60, 
with a tobacco history of at least 10 pack- years. Thus, as 
expected, the risk of the population to be screened affects the 
rale of cancer detection. 

Questions remaining to be answcied include: (o) what are 
the diagnostic sensitivity and specificity of this procedure; and 
[b) does screening reduce lung cancer mortality? The spiral CT 
has not been as sensitive for small central cancers as it is for 
small peripheral cancers (129 r 131). Minuie nodules of lung 
cancer that are near the threshold of, deleclability may be over- 
looked al spiral CT scieening (132). A piospective study of the 
diagnostic sensitivity of spiral CT has teceoily shown that the 
diagnostic sensitivity exceeded the sensitivity of conventional 
CT in previous repot is (25). However, there were limitations in 
the detection of inlrapnJmnnary nodules smaller than 6 rnm and 
of pleural lesions. Compared with surgery (thoiacoiomy with 
palpation of deflated lung, resection, ami histology), the sensi- 
tiviry of spiral CT was 60% for inn a pulmonary nodules of <6 
mm and 95% foi nodules of ^6 nun and was 100% for neo- 
plastic lesions >6 mm. Furthermore, a marked dilleience in ihe 
sensitivities of two independent observers was found for nod- 
ules smaller than 6 mm, whereas agreement was touch be ne i for 
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6- JO mm nodules (25). Given these promising preliminary clin- 
ical results, further research is needed lo determine ihe optimal 
technique for spiral CT screening, which includes collimalion, 
reconstruction interval, pitch, and viewing methods. Decreasing 
the slice thickness to 3 mm, monitoring the viewing of exami- 
nations, and computer-aided diagnosis have been used lo im- 
prove the diagnostic capability of spiral CT in ihe detection of 
pulmonary nodules 033-136). 

Future large scale randomized studies have to confirm 
whether in fact spiral CT screening will lead to a reduction in 
lung cancer mortality. )n a randomized study, the following 
questions arise: (a) what is the optimal high-risk group to study 
and what should be the control arm? (b) what should be the end 
points (goals) of the studies? The ultimate goal is to reduce the 
hmg cancer mortality. However, although this is □ long-term 
goal, intermediate end points from such studies should be eval- 
uated. The change lo more curable stages at diagnosis for the 
lung cancer patients is one such immediate goal; (c) what is the 
optimal workup and the morbidity of this program? (d) what is 
the cost, of such a screening program? and (e) what is the 
false-positive rate of (he screening findings? Incorporation of 
smoking cessation programs should be included in the future 
design of screening studies because it has been shown thai 
screening with low- dose CT in participants who are still smok- 
ing provides substantial motivation for smoking cessation (137). 

The studies with spiral CT-scan have demonstrated ihe 
superior diagnoslic ability in the detection of small peripherally 
located tumors, most of the malignant ones of adenocarcinoma 
type of histology. The diagnostic sensitivity of spiral CT for 
more centrally located nimors (mostly squamous cell carci- 
noma) is significantly lower than for the peripherally located 
ones. Through these spiral CT studies, we will learn about the 
biology, pathology, and clinical course of these small tumors, 
which might be different from what we know about clinically 
more evident tumors detected routinely in previous studies. 

Because lime cancer is so common, the introduction of any 
new screening technique 'in this area has lo be underpinned by 
careful definition of the cosl implications and musi be justified 
by compelling evidence. The cost- effectiveness of ihe spiral 
CT approach should be assessed by evaluating the rare of 
over- diagnosing nonmalignani. relatively common abnormali- 
ties and comparing CT imagine to oiher diagnostic technologies. 

PET with FOG has recently emerged as a practical and 
useful imaging modality in the pieopeiative staging of patients 
with hmg cancer. However, whereas CT is most frequently used 
to provide additional anatomical and morphological information 
about lesions, ihe FDG PET imaging provides physiological and 
metabolic information ih;ii characterizes lesions that are inde- 
terminate by CT. FDG PET imaging lakes advantage of the 
increased acouTuibtton of FDG in transformed cells and is 
sensitive I -95%) for the detection of cancer in patients who 
have indeterminate lesions on CT (138). The specificity ( — S5%) 
of PET imacine is slightly less than its sensitivity because some 
infhmiiKUory piocc:-r-rs avidly accumulate FDG. The high nci;- 
ativc piedii i»\f v:t)ue of PET yngyeMS thui lesions considei cd 
negative on the study are benign, biopsy is not needed. :md 
radiot-Nipbif loHo\*.-"p is recommended. Several studies have 
documented the increased accuracy of PE1 compared with CT 
in the evaluation ol the hilar and mediastinal lymph node status 



in patients with lung cancer (138). However, the PET resolution 
is sufficient only for nodules 5:6 cm and will not be helpful in 
delecting the very small nodules. Compared with low-dose 
spiral CT, the FDG PET scan is more expensive and time 
consuming. The role of PET scan in early diagnosis of tang 
cancer in an asymptomatic high-risk population is not yet eval- 
uated. However, future studies have to include PET evaluation 
to- define its role m a population screening selling. 

Conclusion 

Recent advances in molecular biology and pathology have 
led to a better understanding and documentation of morpholog- 
ical changes in the bronchia) epithelium before development of 
clinical evident lung carcinomas. Combined wilh technical de- 
velopments in radiological and bronchoscopic techniques, these 
procedures offer great promise in diagnosing lung cancer, far in 
advance of clinical presentation. Any of these individual proce- 
dures could be incorporated into the routine management of 
individuals at risk for developing primary or secondary lung 
cancer, and foT several of these methods, clinical studies are 
under way. Preliminary reported data are very promising for the 
early detection of lung cancer. Future studies must incorporate 
the different methods in a multidisciplinary scientific setting to 
evaluate the role of the individual method in the overall man- 
agement for individuals at high risk for developing lung cancer. 
Several of these tests might diagnose the disease at the stage of 
clonal expansion before invasive carcinoma has developed. A 
management and intervention strategy appropriate to lhat stage 
of disease have to be developed. Preliminary studies of chemo- 
picvention agents ate reported, and new agents based on other 
biological mechanisms are under development and ready for 
clinical trials. Il is now lime to plan clinical trials that evaluate 
bolb diagnostic and therapeutic' approaches to access their im- 
pact on ihe incidence of clinical lung cancer. 
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^"ftn f Tissne Inhibitor of Metalloproteinases 1 (TIMP-l) in Human 
Colorectal Adenoma and Adenocarcinoma .^ m unman 
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prevents cancer invasion. However TTt^r^ZJ^ X 7 



traction and 

onsry demonstrated that TIMP-l is dnatoaS'kWJf ^T* 
recto! cancer patients JZ 1^ fci££J35 col<K 

es^e expression pattern of TIMP-l in benign and raKant 
colorectal tumors was studied. In all of 24 m«Tf 
adenocarcinoma TIMP-l mRNA w^.J.»^liT 0 '™1 M ^1 

SSS5 ; « Co ™f ,ansoD of sections processed for TIMP-l in situ 
TCVIP.1 mRNAami - showed good correlation between 



!li£n£2& , " , ' ,ei " '^^Pow Prognosis is known for the 
rype-I plasminogen activator inhibitor (PAI-li^UJ r m ^LiT 

alternative functionVteve ft 
reported both for TTMP.i j _* . . UCCD 



ls%m$b^ 

hA?*™ 9 "^''- fW ""^ ceM invasioD ^ metastasis is the 
breakdown, of tissue barriers mediated by proteolylc^v^ 
such as me matrix metaJJoproteinases ( MM P) >' Vria SrS 
phy^ologic. conditions. the tissue degrading acuvWel To* 
MMPs are kept a, bay by the presence of me naSy " crni^o 

tiansformatronand inhibition of apoptosis 

tumor-promoting role of TLMP 1 in v™, » jesting a possible 

£ , ■ ' be " s P ecu,a, ed that TIMP- | may actually 

play a dual role ,„ cance. progression and metastasis » * 

VTMP ™PWA d,eS J haVe dem0ns,ra,ed ,hai w ™>r u^e levels of 

nMP 1 mlSAVnT" 5 haVe deSCribed Si ™ ,a ' «S of 
itMP 1 mRNA and protein in several cancer types >•-*> Mo ' 

over, we and others have demonstrated that n^emen, of T 

creased plasma levels of TIMP-l by immunoassay "wis as a 

strong maiVe. for short survival and recurrence of disease in 

patierxs with colorerinl r^in^^r 7i-^ c i * ,S * MU: w tnsease in 
co, °' ecial cancer.?' - Sjrmlarly, a strong coiTdaiion 



^d both for TIMP-l M nZ^^TvTJZ 

r^^lV 0 ^ 1 Y° demaad roJe of TTMP-1 in colorectal 
c^htstochenucaJ analyses may provide some bdicati™ 
number of studies of the localization of TIMP-l in mlr^i 
c^cer have been published; however, the reXof SeSS 
a^mewha, contxadrctory. NeweJ] and colleagues" reSS 
ma»-l mRNA was expressed both in invasive adenoca^oml 
carcinoma m situ and adenoma and that the exd^i^i" ^ 
served in bom the stromal as well as die JS^^Z^t 

TJS TXf C0Dtn,St - ^ ^collea^X^* 
^ TIMP,1 mRNA was expressed only in the stromal compart- 
SLT?** in spindle-shaped cdK 

che^f ^<F n %ZE!F r ^ ™ C results ° f inm.mrohisto- 
' »S n ° £ T1MP - } m colo ' i »" "*> conflicting: Hewta 

^colleagues'' reported tha, TlMP-l was expressed hfthe c^ 

ad™^ 31 !? baSemC1 " membranc " ^ normal mucosa, 
adenomas and adenocarcinomas with only little staining of the 
^^i^l^r- On the other hand, Tomita and conla°ue^ 
ceSs ^ was «P'«*d ^ both stromal ami epical 

cells m coW polyps and adenomas; as well as in adenocarcino- 
mas, ,„ wh.ch the neoplastic cells were strongly immunoreactivt 
k° rder t0 . res l °' ve ^ inconsistencies, we undertook our study 

^Z'ZSPF**"! ^ ^^cchexnisrry demon? 
strated that TIMP-l rs expressed in myofibroblasts in the stroma at 
the invasive front of colorectal adenocarcinomas Because TTMP 1 

fr T n0nftaJ C0l0rec,al epiOieISm wTeTal- 
uated the possibility of using TIMP-l as a diagnostic tool to 

5^s3oS^r ,, adeDomas h ™. ^ 



AJaleria) and methods * 

Tissue samples 

oital lfwv e ; ^ a!eri ,r iDC,, l Cle<1 WaS 0bUined frora Univ„ sirv Hos . 
nelul- (Copenhagen. Denmark) in accordance with a 

oT^SJS ? Ve " ^ ,0Cal Sdentific e * ica) conuni'tee (KF 
2! T^i i rctoval Samples < f0mlaliD facd and paraffin 
^ '^.^ 1989 to 1993 included Dukes' stage A 
co oreciaj adenocarcmomas (,, = 8) and colorectal adenomatous 
poi>ps [n - 6, o were pedunculated (1 with mild and 2 with 
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moderate dysplasia) and 3 were sessile (1 with moderate and 2 
with focalry severe dysplasia)]. Samples from 16 colorectal ade- 
nocarcinomas (1 Dukes' stage A, 6 Dukes* stage B, 8 Dukes*, stage 
C and 1 Dukes* stage D), 1 villous adenoma and 1 malignant colon 
lymphoma were prospectively collected during 1999-2000. These 
prospectively collected tissue specimens were dissected so that 
samples contained both normal mucosa and tumor tissue and were 
obtained within 30 min following surgical bowel resection. The 
specimens were immediately fixed in 4% neutral buffered formalin 
for 20r-24 br and then paraffin embedded. The 14 archival samples 
had also been formalin fixed and paraffin embedded. ' 

Generation of nonoverlapping TIMP-1 cDNA fragments by PCR 
The full length TTMP-1 cDNA (GenBank NM_003254) cioned 
in pSP64 vector 29 was used as template to generate 2 noo overlap- 
ping PCR fragments for in vitro transcription, and named fl04 (bp 
56-378) and fl06 (bp 398-680). Fgst, the whole insert (-780 bp) 
was cut, out by digestion with Hind 111 and Jfamtll ana punned 
after agarose gel electrophoresis using the Qiaex D gel extraction 
kit{Q5agen, Crawley, pruted Kingdom). To generate nonoverlap- 
ping antisense probes and the corresponding sense probe, 2 PCR 
fragments were generated using, upstream* primers flanked by a 
linker sequence containing an EcoRl restriction enzyme site (un- 
derlined nucleotides) and a T5 polymerase binding sequence 
(boldface) 5 '- (gagaatt cattaaccctcactaaagEgaga)-3 and down- 
stream "primers flanked by a linker sequence containing a BamHl 
restriction enzyme site and a T7 polymerase binding sequence 
S'- fggatcc taatacgactcactatagggagyj' 9. The TTMP-1 specific up-' 
. stream primers were 5'- acccaccatggccccctttg -3' for f 104 and 5'- 
(linker) - gcaggatggactettgcaca -3' for fl06, and the downstream 
primers were 5 r - linker- actcctcgctgcggttgtgg -3' for fl04 and 5' - 
(linker) - tatctgggaccgcagggact -3.' for fl 06. PCR using the 2 fl 04 
primers of the 2 f 106 primers was done as previously described. 30 
The PCR pioducis were purified by cohinm chromatography 
using S-200HR miciospin columns (Amersham Pharmacia Bio- 
tech, Ina, Piscatway, NJ), and their size tested by agarose gel 
electrophoresis. Both migrated as —300 bp fragments in accor- 
dance with the predicted size (322 and 282 bp, respectively). An 
ABI. PRISM 310 genetic analyzer was employed for DNA se- 
quencing analysis and was performed according to the manufac- 
turer's instructions (Perkin Elmer, Applied Biosy stems, Foster. 
City, CA) using the primers specified above. The DNA sequences 
obtained were confirmed by comparison with the specific TIMP-1 
cDNA nucleic acid sequence (GenBank NM_003254). 

Plasmids containing human MMP-2 cDNA (pCol720 1 , bp 647- 
1284) and human MMP-9 cDNA (pCol9202, bp 1751-2326) have 
been described elsewhere. 31 

In vitro transcription 

Anusense and sense riboprqbes were labeled with j5 S UTP 
(NEN, Boston, MA) by in vitro transcription using T7 and T3 
RNA polymerases. (Roche, Basel, Switzerland). The DNA tem- 
plate was digested with DNase (Promega, Madison, Wl). Nonin- 
corporated 5:> S UTP and DNA was removed by column chroma- 
tography using S-200HR roicrospin columns (Amersham 
Pharmacia Biotech, Inc., Piscatway, NJ). The 35 S activity was 
adjusted for every probe by dilution to 500,000 cpm/pJ. 

In siru hybridization 

In situ hybridizaiion was performed essentially as described 
previously. 32 In brief, 3 p.m paraffin sections were deparaffinized 
in xylene, hydrated with graded eihanol ajid boiled in a microwave 
oven for 10-12 min in 10 mM citrate buffer, pH 6.0. After 
additional 20 min ai joom. temperature, the sections were dehy- 
drated with graded ethanol and ihe j5 S labeled probes (2X 10 6 cpm 
in 20 n-1 hybridization mixture 3 1 per slide) incubated overnight ai 
55°C in a humidified chamber. Sections were washed in Mellen- 
dahl chambers with SSC buffers containing 0.1% SDS and JO mM 
DTP at 150 rpm at 55°C using a Biihler incubation shaker (Jo- 
hanna Otto GmbH, Hechingen, Germany) for 10 min in 2XSSC, 



10 min in 0.5XSSC, and 10 min in 0.2XSSC. Sections were then 
RNase A treated for 10 min to remove nonspecificalry bound 
riboprobe. Subsequent wash' was performed in 0.2 X SSC as spec- 
ified above. Sections were dehydrated and soaked into an autora- ■ 
olographic emulsion (Dford), exposed for 5t7 days if not otherwise ' 
stated and finally developed. Sections were counterstained with 
: haematoxylin and eosin. 

Immunoperoxidase staining 

hnrauriornstochemistry was performed essentially, as described 
previously.^ Five micrometer para/fin sections were deparafr 
fjnized with xylene and hydrated through ethanol/water dilutions. 
Tissue pretreatment was performed with protease-K (5 u,gAnl)' 
digestion for 20 roiri. Sections were blocked for endogenous per- 
oxidase activity by treatment with 1% hydrogen peroxide for 
J 5 min- The sections were washed in 50 mM Tris 1 50 jqM NaO, 
pH 7.6, containing 0.5% Triton X-lOP (TBS-T). Incubation with 

-antibed&e^wa^oneoyernigbt at 4°C. Sheep polyclonal antibodies 
(pAb) against TIMP-1 and nonimmune goat IgG were used at a 
final concentration of 4j0 u-g/ml. Two monoclonal antibodies 
(MAb) against TIMP-1 , 3i NM4 {clone rTDC6A» NeoMarkers^ Fre- 
mont, CA) and C alB2 (clone 147-oDll, CalBiohem, Oncogene 
Res. Products, Cambridge, MAX and a tylAb against trinitro- 
phenyl (TNPP* were all incubated at 1.0 itg/ml <all 3 MAbs are 
IgGl). CalB2 MAb recognizes both free TIMP-1 and TIMP-1 
in complex with MMPs. 33 NM4 MAb only recognizes free 
TIMP-1. 33 According to the manufacturer's descriptions, both 
MAbs are raised using recombinant human TIMP-1. The sheep 

. polyclonal antibodies were raised by immunization with TIMP-1 
purified from human dermal fibroblasts. The IgG was obtained by 
triple precipitation using ammonium-sulfate and characterized by 
iuununodifrusion and rochet immim ©electrophoresis. 35 In adthV 
tion, we have shown that the pAh recognize both free and MMP- 
complexed TTMP-1. 36 Furthermore, the specificity of the antibod- 
ies was analyzed by 'Western blotting analysis against recombinant, 
human TIMP-1 expressed in NSO mouse myeloma cells. Here, the 
antibody preparation recognizes a band of approximately 28 kDa 
in accordance- with the molecular weight of TIMP-1. To certify 
that the pAb recognize TIMP-1 in colon tumors, the antibodies 
were immobilized on a seph arose column. Total protein extracted 
from 3 colon adenocarcinomas was passed through the corumn 5 
times and the bound and subsequently eluted protein analyzed in a 
Western blot using a TIMP-1 monoclonal antibody (MAC15). A 

• single band of approximately 28 kDa was revealed in accordance 
with the molecular weight of TTMP-1 (results not shown). In 
immunohistochemistry, the sheep pAb were detected with biotin- 
ylated rabbi t-anti-goat IgG, which" cross-react with sheep IgG 
(1:100, code E466, DakoCytomation) followed by horseradish 
peroxidase in complex with streptavidin (code K377, DakoCyto- 
mation). The MAbs were delected with the Envision-mouse re- 
agent (En Vision reagent, K4003, DakoCytoroation), followed by 
tyramme amplification, using biotinyl tyraroine substrate as-spec- 
ified by the manufacturer (Nen, Boston, MA). Sections were - 
developed with NoyaRed substrate as specified by the manufac- 
turer (Vector Laboratories, Burlingnaroe, CA) for 15 min. Finally, 
sections were counterstained in Mayers haematoxylin, dehydrated 
in eihanol and mounted. 

Combined in siru hybridization qnd immunohistochemistry 

Double labeling by combining in situ hybridization and imrou- 
nohisiochemistry on paraffin sections has been described previ- 
ously 32 In brief, using MAb against a-sm-actin (clone 1A4) 
diluted 1:1000. against cytokeratin (clone AE1/AE3) dijuted 
1:1000. or against CD68 (clone PGM1) diluted l:200 r sections 
were incubated for 2 hours at room temperature and then detected 
with anti-mouse-lgG/horse radish peroxidase- conjugated polymers 
(Envision-mouse reagent, DakoCytoma tion, Glostrup. Denmark). 
Sections were developed with diaminobenzidine (DAB) for 
7-10 min, and immediately dehydrated for in situ hybridization, 
which was performed as described above using the anusense 
probes of f)04. Sections were counterstained with haematoxylin. 
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Results 

Analysis of TIMP-} probes and antibodies for in situ 
hybridization and immunohistochemistry 

Histopathologic*] diagnosis of prospectively collected speci- 
mens from 18 colorectal lesions revealed 16 colorectal adenocar- 
cinomas, 1 villous adenoma and 1 malignant lymphoma. ^S- 
hbeled anbsense and sense RNA probes were generated by in vitro 
H??^^ WD 2 nonoverlapping DNA sequences of the human 
TIMP-1 cDNA and tested by in situ hybridization on adjacent 
secnc^s from 5 of ibe colorectal adenocarcinomas. The 2 anrisense 
probes showed ah identical hybridization pattern in all the 5 cases, 
located in the stromal compartment surrounding the invading 
cancer cejls, while no specific signal was seen with the 2 sense 
probes (F& )) Totest whether the TTMP-lmRNA was accom- 
panied by TIMP-1 protein expression, inmunohistocheinistry was 
performed on 8 of the adenocarcinomas (including the 5 men- 
l ^ff ff maligiant 'Ympho ma usin g sheep ami- 

num^i JiMFl polyclonal antibodies oil lection? adjacent to 
HMP-1 in situ hybridized sections. The TIMP-1 mRNA and 
immuiwreacbjvuy was observed in the same cells in all of the 9 
^ttLp^ m f mctoding the malignant lymphoma. The 
anti-TlMP-1 polyclonal antibodies did not react with other cell 
populations m all of 8 adenocarcinomas and the malignant lym- 
phoma apart from some normal and malignant epithelial cells that 
were weaJcly stained on the luminal apical surface. Two MAbs 
agarnst TJMP-J (CalB2 and NM4) required strong signal ampSfi* 
canon but showed a staining pattern similar to that of the poly- 
clonal antibody preparation (Fig. 2B), with the only exception^ 
neither.of the 2 MAbs stained the luminal apical surf ace- of the 
normal and malignant epithelium: No signal was obtained with 
n^mmune goat serum or a MAb (of same subclass as Calb2 and'- 
NM4) directed against the synthetic hapten trinitrophenyl (TOP). 
TIMP- J mXNA expression patterns in colon cancer 

Expression of 7TMP-1 mRNA was then analyzed in the remain- . 
mg 9 colorectal lesions by in situ hybridization. TIMP-1 mRNA 



expression was in all the cases of colon adraocarcinoma fincludino 
those mentioned above) highly expressed in stromal fibroblast^ 
ceils located at the invasive front (Fig. 3a,d). TIMP-1 mRNA 
signal was aJso observed in fibroblast-lilce cells located in the 
tumor stroma towards the colonic lumen in 8 of 10 cases where 
^nssue^uctnre was present (data not shown). No or little 
TIMP-1 mRNA was detected m the central part of the carcinomas, 
i>xt colorectal adenocarcinomas, we observed TIMP 1 

mRNA signal in some fibroblast-like cells located around the 
muscle layer of some, arteries located in the submucosa distant 
from the cancer area. The normal colonic mucosa, including the 
lamina propria that- was present in all samples tested, was genemllv 
negative (Fig. 3b f\ Only a_ relatively weak TIMP- 1 mRNA sima) 
was detected in stromal fibroblast-like cells surrounding one or a 
very few normal crypts (Fig. 3c,/) in 3 out of 6 cases tested with 
extended exposure time (10 days vs. usually 5 days). In the villous 
^g. w ^ only a few TIMP-1 mRNA positive cells asso- 
wui^d wiU^ft^Tnflarriroarion (data hot shown). In the malignant 
lymphoma of the colon, TIMP-1 mRNA exjrossing fibroblast-like 
cells were, different from the adenocarcinomas, located in a dif- 
fuse pattern throughout the whole tumor. No TIMP-1 mRNA 
signal was observed in any of the 18 cases in the cancer cells, 
smooth muscle cells or vascular cells. . ■ 
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Charvaerizption ofTlMP-lrnKNA expressing cells 

To test whether the TiMPll mRNA positive fibroblast-like cells . 
could be (myo)fibroblasts and/or macrophages, sections from 4 
colorectal adenocarcinomas and the malignant lymphoma were . 
first; immunornstochemically stained with • antibodies directed 

^n??!:^" aCU ASo r ^ etCCti0n of Wofibroblast/smooth muscle 
cells (avIO) or CD68 (for detection of macrophages) and subse- 
quently incubated with a TIMP-1 mRNA antisense probe. In 
normal colon Ussue. a-sm-actin is expressed by vascular smooth 
muscle cells, smooth muscle cells of lamina muscularis mucosae 
and tunica muscularis as well as pericrypul myofibroblasts " In 
colon rumors a-sm-actin is expressed by tumor- associated fibro- 
blast-bJce cejls located throughout the tumor stroma, which are 
defined as myofibroblasts; No TIMP-1 mRNA was detected in any 
a^sm-actin positive smooth muscle cells, including those of the 
vessels, the lamina muscularis mucosae and the tunica muscularis 
In addition, no TIMP-1 mRNA was detected in the a-sm-actin 
positive pencryptal myofibroblasts of the lamina propria in any of . 
the 5 lesions. TTMP-J mRNA signal was. in contrast seer, in 
a-sm-actin-posiu ve tumor associated myofibroblasts located at the 
invasive front of the colon cancers. In 3 of the adenocarcinomas, 
more than 80% of TIMP- 1. mRNA-positive cells located close to 
t™S^ 5i. Canccr ceJls werc *-s*>actm-positive (Fig. 4). 
TIMP-1 mKTHA positive fibroblast-Vike cells located more distant 
from the invasive cancer cells, towards the submucosa, expressed 
m)e or no a-sm-actin. In 1 adenocarcinoma and in the malignant 
lymphoma approximately 50% of the TIMPl mRNA positive cells- 
expressed a-sm-actin. Thus, the TIMP-1 mRNA expressing cells 
constitute a subpopulation of tomoi-assotiated myofibroblasts lo- 
cated at the invasive front of the tumor. No TIMP-1 mRNA signal 
could be identified in any of the CD68-positive cells (Fig. 4). 

Expression of T1MP-J and MMP-2 and 9 in colon cancer 

MMP-2 and MMP-9 are 2 rype IV collascnases expressed in the 
£S5 V oi "f" ,iSSUC 01 coIorecla l adenocarcinomas. Thus . 
MMP-2 has been reported to be expressed by fibroblasi-Iike cells 
in the cancel stroma,'"' and MMP-9 by macrophages at me 
leading edge of the invasive cancer^ To directhv compare the 
expression patterns of MMP-2 and MMP-9 with that of TIMP- 1 , 
adjacent sections from 5 colorectal adenocarcinomas were hybrid- 
ized w,th probes for TIMP-1, MMP-2 and MMP-9 mRNAs We 
lound that the expression of TIMP-1 mRNA was localized char- 
acteristically at the invasive front of the ^owin- tumor, wheieas 
the expression of MMP-2 mRNA was most intense in the central 
aieas s _snowins decreased expression towards the invasive from 
Ojo. Da). MMP-9 mRNA expressing cells were" found at the 







Figure 2 -in j£rii hybridization and immunohistcchemistry for TIMP- J in human colon cancer. (A)'Twaadjacem sections from a human colon 
adenocarcinoma were incubated with polyclonal antibodies against TIMP- 1 (a,c) arid a T1MP-) mRNA antisense probe (fc). The TIMP-1 
immunoreacrivity (red-brown color, arrows in a and c) and the TIMP-1 mRNA (silver grains, arrows in b) are identified in the same cells (arrows 
in a.b). Immunoperoxidase staining with the TIMP-1 pAb' reveals the TIMP-1 -positive cells as fibroblast-like cells (arrows in c) located in the 
stroma (St). No TIMP-) immonoreactivity is seen in cancer cells (Ca). a,b: bars s= 50 p.rn; c: bars =13 urn. (B) Four consecutive ^J* cenl 
sections were incubated with CalB2 MAb anti-TlMPO (a), NM4 MAb (b\ sheep ami TJMP-] pAb (c) or mouse anti TNP {d). The 3 MAbs 
were detected with Envision reagent followed by TS amplification and the sheep pAb with biolinylated rabbit anti-goat followed by 
HRP-conjugaled slreptavidin (sec Material and methods). The 3 TIMP-1 antibodies react with the same cells (arrows). No immunoieactivity is 
seen when the sections are incubated with anti-TNP. 



invasive front like those expressing TIMP-1 mRNA but with a 
distinctly different distribution. Foci with high expression of 
TIMP-J mRNA were not accompanied with increased expression 
of MMP-9mRNA and vice- versa (Fig. 5b). Thus, TIMP- J mRNA 
expression is not coregulated with MMP-2 or MMP-9 mRNA 
expression. 

TIMP-J in adenomas and Dukes' srage A carcinomas 

TIMP-1 antigen can readjJy.be measured ;n blood and we have 
previously reported that levels of TIMP- 1 in blood are significantly 



elevated in colorectal cancer patients compared to healthy donors 
and that high plasma TIMP-1 levels are associated with short 
survival of colorectal cancer patients. 2 ' 36 TTMP-I has therefore 
been suggested to be a novel marker for detection of early stage 
colorectal cancer and for prognostic stratification of colorectal 
cancer patients. 21 - 39 These findings, together with the characteristic 
expression pattern .of TIMP-J at the invasive front of virtually all 
i he colon cancers and the absence or minute T1MP- 1 expression m 
normal and benign colon mucosa, prompted the evaluation of 
T1MP- 1 expression as a marker for early invasive colon cancer. 



Best Available Copy 



202 



HOLTEN- ANDERSEN ETAL 




n;,:' T P ; red T,MP -' mRNA "PrcssioB.in an oddi- 
mRNA „ ?C A C0,0reC,a ' ad "oc^c,,,o m «s. TJMP-1 

£*ve^^T? Sh ° Wed T,MP I mRNA Si °" a) a ' «* 
mTm ? R A " 1 " ess " > " was c <»'fi»=<i io a iinaJt focus in 

R^^-Tr^ wi,b focal s,ro " ,M i - fln "" a '-" 

»»'»toSHal onnlysis of addi.ional seaions from 



s JveS TmP 3 ^V he 9Duke5 ' Sla - Se analyzed 

celU H .° n ; aS - , 0nd iB ,b£Se Was seen in fibrob)as.-],ke 

"erfaceTn 7 »r T ,nfla " mialio " » «* epi.beliaf-s.romal 

-n^erface m 2 of .he cases and with ar.eries in ,he snbmucosa in 1 



Discussion 

ioc^LTo d „ y n7^ "l d ,TA ke ", 10 c,n,ify ,he «p ressio " a "« «»»<=»■ 

noca cC" ' n ,M , P " ,,1,bi,0r ThMP -* » ,, "»»» c °'°" 
annseme RNA probes den ved from 2 no„ove,lnppin S TTMP-I 



Best Available Copy 



TJMP-J EXPRESSION IN THE COLON 



203 




9^1 




*■* * \* .-• ■ * 


H 



















•■'.Sm- . • 





Figure 5 - /n jww hybridization for TIMP- 1 „ MMP 7 2 and MMP-9 in 
human colon cancer. 04) Adjacent sections were Incubated with probes 
specific for TIMP- 1 mRNA (a t c) and MMP-2 mRNA (b,d), respec- 
tively, and is shown in brigbtfield (a,b) and darkficJd iDumination 
{c.d). The TIMP- J mRNA signal increases towards the subrpucosa 
(Sm) whereas the MMP-2 mRNA signal decreases and is most intense 
in the central areas (Ca). {B) Adjacent sections were incubated with 
probes specific for T1MP-1 mRNA (o,c) and MMP-9 mRNA {b,d) t 
respectively, and is here shown in bright field to.b) and darkfield 
illumination <c,d). Both the T1MP-1 mRNA signal and the MMP-9 
mRNA signal are most intense at ihe invasive front towards the 
submucosa (Sm), but their expression patterns ore quite different, with 
MMP-9 showing die most restricted expression. Bars = 100 |xm. 



cDNA fragments and specific pAb and MAbs against human 
T1MP-1. The T1MP-1 mRNA signal in all colorectal adenocarci- 
nomas investigated was seen in fibroblast-like cells located in the 
tumor periphery. An identical hybridization partem was observed 
with the 2 antisense T1MP-1 probes and application of comple- 
mentary sense probes on neighboring tissue sections as negative 
controls did not result -in any hybridization signal; therefore, we 
conclude that the hybridization signal generated with the antisense 
probes represents the genuine TTMP-1 mRNA. TIMP- 1 immnno- 
icactivity was also distinctly located in fibroblast-like stromal cells 
>njhejmnor periphery, and these cells were identified to be the 
same cells as the T1MP- 1 mRNA expressing cells. A piepaiation 



of sheep pAb against human TTMPrT 35 .and 2 well-characterized 
MAbs stained the very same cells in the rorhor stroma.. Weak 
staining of the apical surface of some normal and ■ malignant 
epithelial cells was observed with tlie pAb in some of the samples; - 

' No staining was obtained when the antj-TIMP-l antibodies were ' 
substituted with nonimmune goat serum or anti-TNP MAb rncu^ 
bated at the saine concentrations. These mm^unohistochemica] - 
findings strongly suggest that the- TIMP- 1 antigen detected in the 

. fibroblast-like cells represents the genuine TTMP-1 protein. 

In our study, we found TTMP-1 mRNA expression in stromal 
fibroblast- like cells located in the tumor periphery in all colorectal 
adenocarcinomas tested, whereas no expression was detected in - 
the. cancer cells in any .of the cases tested; Ibis finding is in 
agreement with studies by Zeng and colleagueV 2 " 20 but is partly in 
disagreement with findings by Newell and ; colleagues. 27 In addi- 
tion to TTMP-1 mRNA signal in fibroblast-like cells in the tumor 

jjttripbej^Jigw^L detected a weak TTMP-1 

mRNA signal in both benign and malignalt epithelial cells. 27 This ' 
observation "was, however, based on the use of probes: from a 

. single TTMP-1 cDNA subclone and no additional controls to verify 
the expression pattern. The difference between' out results and • 
those of Newell and colleagues may be explained by methodolog- 
ical differences, since the procedure employed, by Newell and 
colleagues was in several steps different from the one used in the 
present .study, Newell and -colleagues used 3 p T labeled probes, 
whereas we used 35 s -labeled probes. It is in this context notewor- 
thy that in order to look for a low expression level of TTMP-1 
mRNA, we performed in situ hybridization experiments with pro- 
longed exposure time (10 days vs. usually 5 days) with both" our 
TTMP-1 antisense probes and both TTMP-1 sense probes, but with 
this challenge wc did not detect any TTMP-1 mRNA in any 
epithelial cells. It cannot be excluded though that the TTMP-1 
mRNA is expressed in epithelial cells below the detection limit of 
our in situ hybridization procedure. 

An interesting observation in our study was the characteristic 
intense TTMP-1 mRNA and protein expression in the tumor pe- 
riphery of all colon adenocarcinomas, while little or no expression 
was seen in the center of me carcinomas. Only in the colorectal 
lymphoma did we find TTMP-1 mRNA and protein expression in 
fibroblast-like cells located .thiroughout the tumor tissue. The 
TIMP-1 expression pattern in the colon adenocarcinomas is in 
contrast to the expression pattern reported by Hewitt and col- 
leagues,' 9 who found that the TTMP-1 staining in most colorectal 
adenocarcinomas was equally intense in fibroblasts throughout the 
tumors and that some of the cases even showed decreased TTMP-1 
signal intensity towards ihe tumor periphery. This difference may 
be explained by possible cross-reactivity of the polyclonal anti- 
bodies employed by Hewitt and colleagues or that Hewitt and 
colleagues employed cryostat sections, while we analyzed paraffin 
sections. . - 

The TTMP-1 expressing cells had a fibroblast-like morphology 
and using combined in situ hybridization for TTMP-1 mRNA and 
immunohistochemisiry for a-srn-aclin, we found that many, gen- 
erally more than 50%, of the TTMP-1 mRNA positive ceUs coex- 
presscd a-srn-actin. According to the cellular morphology of the 
TTMP-1 expressing cells and their localization in the invasive 
front, we could conclude that the cells were myofibroblasts and not 
smooth muscle cells. 

The myofibroblast is a cell type present in the normal colon 
mucosa, that originally was described as a pericryptal fibro- 
blast 3?J(> and laler was identified with antibodies against a-sm- 
actin. ?7 In the lamina propria, the myofibroblasts form a continu- 
ous cell layer just below the intestinal epithelium. The per)cryp !aI 
myofibroblasts are phenotypicatty different from the neighboring 
quiescent interstitial fibroblasts that do not express markers of 
smooth muscle cells, 41 During early steps of colonic tumorigenesis 
the number of myofibroblasts is significantly increased Jl rhe 
TIMP- 3 expressing myofibroblasts may be generated after activa- 
tion of the pericryptal myofibroblasts and/or the quiescent inter- 
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stitial fibroblasts. Adegboyega and colleagues" hypothesized lhat 
the- tumor-assoaated myofibroblasts originate from the quiescent 
interstitial fibroblasts of the lamina propria, rather than from peri- 
crypial myofibroblast or smooth muscle cells, which may help to 
explain why we found some of the IIMP-I mRNA expressing 
fibroblasi-like cells a-sm-actin-positive and some cr.sm-actin-neo'! 
aove. ° 

Several MMPs including MMP-2, MMP-J1 and MMP-14 are 
expressed by fibroblasi-like cells in human colon cancer 
some of which may indeed be myofibroblasts. T1k role of the (myo-) 
fibroblasts in colon cancer progression is not known. Since TIMP- 1 in 
human colon cancer appears only to be expressed by fibroblast- like 
cells most of which are myofibroblasts, and since high 7TMP-1 levels 
measured in blood or tumor extracts from colon cancer patients are 
strongly associated with a poor prognosis, 20 -"^ it could be argued 
that the 71MP-1 expressing myofibroblasts play a tumor- promoiino 
role, lrnmunohistochernical localization srudies of proteins involved 
in tbe activauon and regulation of the efficient serine protease plas- 
minogen, mchidmg urokinase plasminogen activator (uPA) and its 
spenfic inhibitor PAI-1 show that both are mainly expressed by 
myofibroblasts m human beast cancer.'^* Hiah levels of uPA and 
$V[0n$]y COrielaIed poor prognosis in breast can- 
cer, ' supporting the assumption that ihe myofibroblast express a 
promoting role .n cancer invasion. We recently reponed that me 
predominant PAJ- 1 expressing cell in human colorectal cancer Mo is 
the myofibroblast and earlier studies indicated that elevated levels 
of PAJ-1 m colon cancer patients are associated with poor progno- 
sis.- Togetlier these findings indicate that myofibroblasts are strong 
conmbming to the expression of proteins involved in the ree.daijW 
extracellular matrix degrading proteases thai facility cancer invasion 
and metastasis. 

A panicb-Jaily inie,esling finding of the present study was the 
absence of TIMP- J. mRNA in 4 of 7 adenomas, whereas in ,11 of 
9 Dukes .stage A carcinomas the TIMP- J mRNA w 35 expesscd in 
fibroblast- hke cells along the invasive from. In the 0 benign lesions 
m winch die TIMP-l mRNA was seen in the adenoma'a.en the" 



TIMP-l mRNA positive cells were confined to a single focus with 
locally increased inflammation related to the dysplastic epithelium. 
Evident disruption of the dysplastic epithelium was observed in the 
adenoma witfi most intense TJMP-1 mRNA signal. Intestinal in- 
flammation may be caused by disruption of the mucous epithelium 
thai leads to focal leakage of mucinous colon material into the 
lamina propria. Increased intestinal permeability is a common 
deficiency in Crohn's disease and interestingly TIMP-l mRNA 
was found in the intestinal granulation tissue of Crohn's disease 50 
and is expressed by myofibroblasts isolated from Crohn*s dis- 
ease. 51 Induction of TIMP- 1 in myofibroblasts in a benian or 
preinvasive tumor may also be a response to locally increased 
MMP activity or a response to the presence of a specific MMP in 
ihe local microenvironrnem. MMP-2 and MMP-9 mRNA expres- 
sion, however, did not appear to be cpregulated with TOvlP-l 
mRNA expression in the colorectal adenocarcinomas. Specific 
MMPs may indeed be involved in the transition of noninvasive to 
invasive disease; in smdies of preinvasive lesions (ductal carcino- 
mas in situ) of the human breast we recently reponed that MMP-13 
is specifically expressed in myofibroblasts associated with micro- 
invasive events.- Future srudies may clarify whether TUWP-1 
expression in colorectal adenomas is con elated with expression of 
specific MMPs, cytokines and/or growth factors, such as TGF-0) 
and TGF-P25I, and whether TIMP- 1 cm be used as a hisiopntho- 
logical marker for malignancy in colorectal tumors. 
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^SSSSST activ * tor induced by deugue virus Mection o(h »™° 

Department of] Vficrobiology and Immunology, College of Medicine, National Cheng 
Kung University, Tainan, Taiwan, ROC. g 

Dengue hemorrhagic fever and dengue shock syndrome (DHF/DSS) are severe 

mlS'T engUe ^ infeCtion - However - ^e Pathogenesis of hemorrhage 
induced by.dengue v.rus infection is poorly understood. Since endothelial celSa^a 
pivotal role in the regulation of hemostasia we studied the effect of DV Xtn o„ the 
producbon of tissue plasminogen activator (tPA) and plasminogen activattSitoH 
StF^T US1 ^ 'T 7 iS ° latCd Cnd0the,iaI ^ >™ "mbilicaTcond veins 

Za^vT „ not PAI 1 of human endothelial cells. In addition tPA mRNA of 

endothelial ee ls was induced by DV as demonstrated by RT-PCR AnlW 
FurtrenTrf 1 ******* ^ DV - d ^ Paction of endoS ST ^ 
Ct n^mr ' ? 8 ° f od ^ orrelat,on he ^n sera levels of IL-6 and tPA was found in DHF 
but not DF patients.. These results suggest that IL-6 can regulate DV-induced tPA 
production of e^dothe.ial cells, which may play importantTo.es in me plZcnic 
development of DHF/DSS. Copyright 2003 Wiley-Liss, Inc. P aUlo e enic 
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Neu oncogene expression in ovarian tumors: a quantitative study. 

Department of Pathology, Tufts University School of Medidne, Massachusetts. 

ZlZ *i£m7ZT A GXP T 10 l b y Sbt b ' 0t ana,ysis mi P rotein P">4"« session by 
2™ 31,(1 '~oh,stochemistry in 57 primary and metastatic ovarii * 
neoplasms, two paraovarian leiomyosarcomas, and eight normal ovaries Some 61% of 

Sha! Sir? 0Vanan tUm0rS that oppressed neu were of 

epithelial type Ep.thehal ovanan tumors had significantly higher amounts of the neu 

ZSor Z 1 " ^ ^ ^ ISA ^ cellld stm" 

Scl « ^ .^r 65 ^ 1CSS 4,1311 0025) - Different of ovarian carcinomas . 

EUSA, endometrioid tumors had the highest, and poorly differentiated carcinomas not 
omerv V .sespec,fiedhadtheIowest(ple S sthan0.025).ELISA values mRNA 
overexpresston, and immunohistochemical staining intensity did not correlate with stage' 
S^f 0515 ° r ^tectunu or nuclear grade in ovarian tonors. We conclude tTa^tSe 
EL^A ,s a simple, effective way to measure the neu oncogene protein producer 
there w-a good correlation between ELISA. levels and immunohistochemical sta^mg 

PMID: 1353878 [PubMed - indexed for MEDLINE] 



89: Leuk Lymphoma. 2003 Aug;44(8):1385-94. Related Articles. Links 

Real-time quantitative RT-PCR of cyclin D 1 mRNA in mantle ceil 
lymphoma:.comparison with FISH and imuiiinohistochemistry. 

HuiP, HovveJG , Crouch J, Nimmakavalu M . Qumsiyeh MB. TaUini G Flvnn SD 
Smith BR . ' — ■ ' 

Department of Laboratory Medicine, Yale University School of Medicine 333 Cedar 
Street, P.O. Box 208035, New Haven, CT 06520-8035, USA. 

Presence of the balanced translocation t(ll;l4)(ql3;q32) and the consequent 
overexpression of cyclin DI found in mantle cell lymphoma (MCL) has been shown to be 
of important diagnostic value. Although many molecular and immunohistochemical 
approaches have been applied to analyze cyclin Dl status, correlative studies to compare 
Afferent methods for the diagnosis of MCL are lacking. In this study, we examined 39 
archived paraffin specimens from patients diagnosed with a variety of 
lymphoproliferative diseases including nine cases meeting morphologic and 
immunophenotypic criteria for MCL by: (1) real-time quantitative RT-PCR to evaluate 
cychn D 1 mRNA expression; (2) dual fluorescence in situ hybridization (FISH) to 
evaluate the t(l 1 ; 14) translocation in interphase nuclei; and (3) tissue array 
immunohistochemistry to evaluate the cyclin Dl protein level. Among the nine cases of 
possible MCL, seven cases showed overexpression of cyclin Dl mRNA (cyclin Dl 
positive MCL) and two cases showed no cyclin Dl mRNA increase (cyclin Dl negative 
"MCL-hke"). In six of seven cyclin Dl positive cases; the t(l 1;14) translocation was 
demonstrated by FISH analysis; in one case FISH was unsuccessful. Six of the seven 
cyclin Dl mRNA overexposing cases showed increased cyclin Dl protein on tissue 
array immunohistochemistry; one was technically suboptimal. Among the two cyclin Dl 
negative MCL-hke cases, FISH confirmed the absence of the t(l 1;14) translocation in 
both cases. All other lymphoproliferative diseases studied were found to have low or no 
cychn Dl mRNA expression and were easily distinguishable from the cyclin DI 
overexpressing MCLs by all three techniques. In addition, to confirming the need to 
assess cychn Dl status, as well as, morphology and immunophenotyping to establish the 
diagnosis of MCL, this study demonstrates good correlation and comparability between 
measure of cyclin Dl mRNA, the 1 1 ;14 translocation and cyclin Dl protein. 
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Elevation of topoisomerase I messenger RNA, protein, and catalytic 
activity in human tumors: demonstration of tumor-type specificity and 
implications for cancer chemotherapy. 

Husajnj, MohlerjL, Seigjer HF, Besterman JM - 

S to tSrH^rT- HneS that the sensitivity of 

cells to this drug is directly related to the topoisomerase I content. In humans the levels 

nonTT ^ 6 V ^ bee ° Sh0Wn t0 1,6 e,6Vated in COl0rectal to ' 
normal colon mucosa. The aim of our study was to determine whether (a) topoisomerase 

ZtT "'I • SOUd ^ <» ^ elevated enz ^ e is catilvtfcal Hc^e 
^ Sfnf i (C) mCreaSe in ^^merase I levels in colorectal tumors is a 
result of increased transcription or translation.. Topoisomerase I levels were quantitated in 

cTunSS w" 1 ? l0 M taI ' Pr0State ' md ^ tan "» mat ^ 
counterparts by Western blottuig and by direct determination of catalytic activity, and 

SSJ 17? ?« d ^ fmined bY N ° rthem Wetting- BY Western blotting, colorectal 
coto™Tf. f f0W in topoisomerase I levels, compared to their normal 
btlT™ , , of P rostate ta^rs, the increase was 2-10-fold, compared with . 

•"dtaSrt!? ,aSt,C P rostat « tlssuefroi n thesame patients. However, no difference was 
observed m topoisomerase I levels in kidney tumors, compared to their normal 
counterparts. The catalytic activity of topoisomerase I was determined by a quantitative 
32P-transfer assay in crude homogenates, without isolating nuclei. Colorectal and 
prostate fomors exhibited 1 1-40- and 4-26-fold increases, respectively, in catalytic 
activity. However, kidney rumors did not show any alteration in catalytic activity 
2^1' ^ he '™ aI ^hed samples. Thus, for all three tumor types there was a 
good correlation between enzyme levels and catalytic activity. Finally, colorectal rumors 
were analyzed for steady state mRNA levels. A 2-33-fpId increase in mRNA levels was 
found in colorectd tumors, compared to normal colon mucosa. These results suggest that 
alterations ,n topoisomerase I expression in humans are tumor type specific and that the 
increase m topoisomerase I levels results from either increased transcription of the 
topoisomerase I gene or increased mRNA stability. 
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Ge" K ' inik ' K,1 ' nik ^ ^-'ogie, Schxnerztherapie und Intension, Saarlouis, 

Immunohistochemistry and ,11^™!^ S"! of i****- METHODS: 
in 43 archival specimens of i£S2h cLSlT ?1 ° the ex P ressi °" of pKi-67 

were not treated with neo^uvanS 

labeling index of 31.3% (range 10 3 6?4«n ™h We deterrnmed a median pKi-67 (MIB-I) 
range 0 8 01-0.69); M^S^ 

associated with a significantly favorable ^ Were 
correlated to prognostic outcome. A mulLriate Sat ' SSlfrlcKfh , ^ IT " 0t 
indicated that tumor stage CUICC) and nKi 67 ^rTa ? a " d bl0,0 g ical fa <*ors . 

prognostic factor, CONCLUSION T^^^^^^^f^ 
new prognostic indicator for primary resected ffiSSSf ^ * * 8 °° d ^ 
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Modulation of glucagon receptor expression and response in transfected 
liuman embryonic kidney cells, 

Ikep ;ami T , Cypess AM , Bouscarel B . 

sssitr^" un,versity Medicai ^ 

The modulation of glucagon receptor (GR) expression and biological response was 

(tooKS ' n ^ m ^bryonickidn e y cell (HEK-293) clones permanently expressing 

,1 1 k n denSlt,CS - ^ ° R mRNA CX P ression ,evel in clones was 
upregu ated by cellular cAMP accumulation and presented a good correlation withLh 

thai £ ^7 natlon of ^n-induced cAMP accumulation in these cell lines 
revealed that ^enhancement of receptor expression did not lead to a proportional 
increase m cAMP formation. Under these conditions, the maximum cAMP P roTc ion 
reS Y rf "* f0r5k ° ,in W3S n0t si ^ fi -«y different among selected" dones 
3.1 a ! e k r ^ eP * 0r ex P ressio " le ^l. High receptor-expressing clones showed' the 
^•eatest suscept.b.hty for agonist-induced desensitization compared I with clones with 

eTm^n e ? l? reSS,0n I CV f ,S " The resu,ts of * e P^ent study suggest that the GR can 
recruit non-GR-spec.fic desens.tization mechanism(s). Furthermore, the partial inhibition 
or alterahon of the overall cAMP synthesis pathway at the receptor level may be a 

ex'prelTlevr 6 *" " " * 3 in 

PMID: 11546678 [PubMed - indexed for MEDLINE] 
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Developmental regulation of acidic fibroblast growth factor (aFGF) 
expression in bovine retina. 

Unite deRecherches Gerontologiques, U. 1 1 8 INSERM, Paris, France. 

Acidic fibroblast growth factor (aFGF) is a signalling molecule implicated in a wide 
variety of biological processes such as cell growth, differentiation and survival. It has 
been purified from bovine retinal The present study was carried out to detect which cells 
in the bovine retina expressed aFGF at the different stages of embryonic and post-natal 
development The specific aFGF mRNA and protein were detected by in situ 
hybridization employing riboprobes and immunocytochemistry using affinity purified 
polyclonal human recombinant aFGF antibodies respectively. No signal was detected by 
either technique until 4-5 months and then there was progressive expression of aFGF 
with terminal morphogenesis of the retina. By 8-9 months of embryonic development 
nuclei of the 3 neuronal layers (ganglion cell layer, inner and outer nuclear layeis) were 
M uniformly and intensely labeled. A slight labeling of the pigmented epithelium of the 
retina was also visible throughout development and maturation. These results showed a 
good correlation between message and protein expression in these 6ell types. In contrast 
glial cells in the nerve fiber layer and vascular endothelial cells displayed a nuclear ' 
immunostaining for the protein in the absence of message. These data suggest that aFGF 
plays a role in the late steps of retinal differentiation by autocrine and paracrine 
mechanisms. 



PMID: 7507349 [PubMed - indexed for MEDLINE] 
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The p21(Cipl) protein, a cyclin inhibitor, regulates the levels and the 
intracellular localization of CDC25A in mice regenerating livers. 

13!!^ Paioim Se^^ 

Agcll Bachs O . — : : * 

Dqwtaent of Cell Biology and Pathology, faculty of Medicine, Instihit d'Investigacions 
Biomediques August Pi Sunyer (IDIBAPS), University of Barcelona, Barcelona, Spain. 

Liver celtefrom p2l(Cipl-/-) mice subjected to partial hepatectomy (PH) progress into 
DNA synthesis faster than those from wild-type mice. These cells also show a premature 
induction of cyclin E/cyclin-dependent kinase (CDK) 2 activity. We studied the 
mechanisms whereby cells lacking p21 (Cipl) showed a premature induction of this 
achvity^ereas the levels of CDK2, cyclin E, and P 27(Ki P l) were similar in both wild- 
type and p2l(Cipl-/-) mice, those of the activator CDC25A were much higher in 
P 21(Cipl-/-) quiescent and regenerating livers than in wild-type animals. Moreover 
p21(Cipl-/-) cells also showed a premature translocation of CDC25A from cytoplasm 
into the. nucleus. The ectopic expression of p21(Cipl) into mice embryo fibroblasts from 
p21(Gip -/-) mice decreased the levels of CDC25A and delayed its nuclear translocation 
The levels of CDC25A messenger RNA in P 21(Cipl-/-) cells were higher than in wild- 
type cells; suggesting that this increase might be responsible, at least in part, for the high 

Pr0tein UlCSe C0lls - Thus ' ^ resu,ts re P° rted here indicate that 
p21(Cipl) regulates the levels and the intracellular localization of CDC25A We also 
found a good correlation between CDC25A nuclear translocation and cyclin E/CDK2 
activation. In conclusion, premature translocation of CDC25 A to the nucleus might be 
involved in the advanced induction of cyclin E/CDK2 activity and DNA replication in 
cells from animals. lacking p21(Cipl). 



PMID: 1 1981756 [PubMed - indexed for MEDLINE] 
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Alteration of frizzled expression in renal cell carcinoma. 
Jansscj^ Andrie^ Jajy^ 

Department of Biochemistry, University of Antwerp, Wilrijk, Belgium. • 
njansse9@prdbe.jnj.com 

mRMA 113 ^ the involvement of frizzled receptors (Fzds) in oncogenesis, we investigated 

^^I^CrZT 7i mat u hed) n0rmal tissuc ^P'^ using real-time 
quanutative PCR. We observed that the mRNA level of Fzd5 was markedly increased in 
8 of 1 1 renal carcmoma samples whilst FzdS mRNA was increased in 7 of I S 
carcmoma samples. Western Wot analysis of crnde membrane fractions ZJzl7L 
Fzd5 protem express^ in the matched tumor/normal kidney samples correlated wfth the 

^rd^T eXpression of a ^ of target genes. Using a kidney tumor tissue array Fzd5 
pioteur expressron was inveshgated in a broader panel of kidney tumor samples Fzd5 
membrane staimng was detected in 30% of clear cell carcinomas, and the^S J a Sone 
correlate with nuclear cyclin DI staining in the samples. OurXsugitS aTrti 
express.on of certain members of the Fzd family, and "heir downsteamlaTgetcoul^ 
prov.de altematwe mechanisms leading to activation of the Wnt signaCpaL^y n 
renal carc,„og e nes,s. Fzd family members may have a role as a biomarker 

PMID: 15557753 [PubMed - indexed for MEDLINE] 



.Pi* *• 

054 
v. £5 
no. 4 

Jul -Aug 



Received on: ft ;l-c:3 
Tumour biology": the journal 
of the International Society 
for Oncodeveloproental 

Biology and Medicine. 



- £> 1 4 / 04 

July-Augusl 20W 
(Released November 2004) 
ISSN 1010-4283 
25(4) 157-220 (2004) 



The journal of the International Society for 
Oncodevelopmental Biology and Medicine 




Tumor r1arkers,Tumor Targeting 
and Translational Cancer Research 



Research Articles. 



r^,rr ."° a ' ray Ana, r sK °' C ^ »1 Gene 
JmplrfleatHw .nd Gain in Colored! Carcinomas 
Tonchcva, D.; Peirova, D.: Tienova v.; Dimcxa ) • ' 

inhibits Glioma Cell Invasion 
Pu. P.: Kang. C. U. J. (Tianjin); Jiang, H . (Dc.roii. Micb.) 
179 Production and Characlerfeation of a New 

EGffl?™ - S '£ eiBe '°' thC Mut3nt E GF Receptor, 

Ma5„a, M_; Samah. M.; Soini, Y.-; Talvensaari-Matiila A. • 



133 Human KaM.Tcrein e peoradesExtracelJL.I-r 

Potential of Turriour Cells . 

Cbpsh, M C: Grasi, L; Soc*,ipi)tej,.A. fforonloX 

soi^uiou.a(p a , raJkD)ainandij>EJ , (Toro * o) 

Mini Reviews 



200 The 7/>5J Tumor Suppressor Gene and Melanoma 
Tumor» 9 er»e S i5:l s There 8 Re) a ifon 5 b»b? 
Hussein. M (Assuit) 

208 Strategies to Endow Cytotoxic T Lymphocytes or 
Natural Killer Cells with Antibody S 
Carcmoembryonic Antigen 

M.; KbroW. M.; Sh»b a£ uchj. R; Badran, A* 
Hachimine, JC; Zbaj>& Kinugasa, T. (Firtuojca) 

Research Com mentary 

2 " 0^cote g ; a " d Pe ' SOn ' k M6 ' eCU,M Df3 9» M « i « « 
Rye. PX>. ( ai o): Niteon, O. (Cortborg); Rinenhcme H 
(San DKrgo, Calif.); Sligbraod, T. (Uroea) 



S. Kargrr 

Mcdiral and Scientific 
! Pi>bl«hcrj 
Basel * Freiburg 
Pam * London 
New York - Bangaloie 
Bangkok - Singapore 
Tofcjo - S>dnrj 



KARGER; 



Online 



Access to lull text and tables of contents, 
"icludmg »"«J»»;ve ones tot forthcoming issue* 
*^^>v.fc»/»Dr.conVlbi issues 



TumorBiology 



Research Article 



Tumor Biol 2004.-25:161-171 
CfOlriai159A)00081098 



Rttewttt M>rch ». 2004 

ActepwJ >fitr reviwn: -Apr 3 V3.20O* 



Alteration of Frizzled Expression In 
Renal Cell Carcinoma 
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Abstract 

To evaluate the involvement of frizzled receptors (Fzds) 
in oncogenesis, we investigated mRNA expression lev- 
els of several human F2ds in more than 30 differ- 
ent human tumor samples and their corresponding 
(matched) normal tissue samples,. using real-time quan- 
titative PCR. We observed that the mRNA level of Fzd5 
was markedly increased in 8 of 11 renal carcinoma sam- 
ples whilst F2d8 mRNA was increased in 7 of 11 renal 
carcinoma samples. Western blot analysts of crude 
membrane fractions revealed that F2d5 protein expres- 
sion in the matched tumor/nprmal kidney samples corre- 
lated with the observed mRNA level. Wnt/p-catenin sig- 
naling pathway activation was confirmed by the in- 
creased expression of a set of target genes. Using a kid- 
ney tumor lissue array, Fzd5 protein expression was 
investigated in a broader panel of kidney tumor samples. 
F2d5 membrane staining was detected in 30% of clear 
cell carcinomas, and there was a strong correlation with 
nuclear cyclin Dl staining in the samples. Our data sug- 
gested that altered expression of certain members of the 



F2d family, and their downstream targets, could provide 
alternative mechanisms leading to activation, of the Wnt 
signaling pathway in renal carcinogenesis. Fzd family 
members may have a role as a biomarker. 

Copyright © 2004 &. K»r gtr AG. B*5«i 



Introduction 

The Wnt signaling pathway is evolutionary conserved 
and controls many events during embryonic develop- 
ment. Members of the Wnt gene family of secreted glyco- 
proteins are involved in embryonic induction, generation 
of cell polarity, cell proliferation and the determination of 
cell fate [1,2], Recently, it has become evident that the 
Wnt pathway is also deregulated in a range of tumors [3]. 

The Wnt signaling pathway is activated when Wnt pro- 
teins bind to a cell surface receptor complex consisting of 
a member of the frizzled receptor (Fzd) family and either. 
low-density-Iipoprolein receptor-reJaied protein (LRP)5 
or LRP6 [4, 5], A detailed characterization of the Fzds. 
and the immediate downstream events after Wnt binding 
has been hampered by ihe lack of pure biologically active 
Wnts. 

Downstream of the receptor complex, three pathways 
may be initiated, depending on the composition of the 
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ligand and receptor complex. The 'Wnt/p-catenin path- 
way', the 'Wht/Ca 2> pathway' or the Wot polarity path- 
way' {6}. The Writ/0-caicnin pathway has been linked to 
carcinogenesis. Genetic alterations in components of this 
pathway {adenomatous polyposis cob", APC, ajcin and J*- 
catenin) can result in the accumulation of non-phosphory- 
lated £-catenin (3, 7] and this can promote carcinogenesis. 
Conversely, neither the Wnl/Ca 3 * pathway nor the Wnt 
polarity pathway involves the activation of 0-catenin [for 
review, see ref. 1,6). 

Mutations in one of the three regulatory genes (APC, 
p-catenin and axih), overexpression of Wnts and Fzds or 
the expression of a constitutively active Fzd have been 
linked to Wnl/fJ-caienin pathway activation in various 
tumors (8, 9], 

To evaluate the involvement of Fzds in oncogenesis, 
we investigated mRNA expression levels of several hu- 
man Fzds(Fzd2, 3, 5, 6, 7, 8 and 9) in more than 30 differ- 
ent human tumor samples using real-time quantitative 
PCR. Each sample was compared with its corresponding 
(matched) normal tissue sample. The most striking obser- 
vation was the dramatically increased Fzd5 and Fzd8 
mRNA expression seen in the renal carcinoma samples. 
This was confirmed at the protein Jevel using Western 
blotting. Kidney tumor tissue arrays confirmed F2d5 
membrane staining in 30% of clear celJ carcinomas, with 
nuclear cyclin Dl showing a strong correlation with the 
Fzd5 membrane labeling. Fzd8 protein expression analy- 
sis was not performed due to the lack of suitable reagents. 
These data suggest that Fzd5 may have a role in renal cell 
carcinogenesis due to its frequent overexpression obr 
served in these tumor samples. Potential future applica- 
tions could include uses in tumor targeting or as a poten- 
tial biomarker. 



Materials and Methods 
Tissue Samples 

Fro2cn tumor tissue samples with corresponding normal tissue 
from the same patient were derived either from human biopsy, or 
autopsy material (Department or Pathology, University of Antwerp; 
kindly provided by Prof. E. V 3n Marck). Tissue specimens were 
snap-frozen in liquid nitrogen and kept al -S0*C until use. Frozen 
sections of kidney tumor and normal tissue samples were stained 
with hcmatoaylin-eosin to support the pathologist's observations and 
to confirm the type of kidney lumor. Paraffin-embedded tissue slides 
or renal carcinoma, lung carcinoma, breast and colon carcinoma 
were obtained, after encryption, from the Department of Pathologv 
(Middrlheim Hospital. Antwerp. Belgium). The CLI human kidney 
cancer (SuperBioChips Laboratories) tissue array used in this study 
contained 59 tissue samples consisting of 9 normal kidney tissues. 



30 clear cell renal carcinoma samples and another 20 renal cell tumor 
types (chromophi), chromophobe, papillary type, collecting duel car- 
cinoma and samples with mi*ed types). 

RtfA Isolation and Reverse Transcription 
Total RNA was extracted from tissue specimens using Ultraspec 
Reagcni (Biotecx. USA) according to ihe manufacturers instruc- 
tions. All total RNA was routinely treated with DNase (DNA-frce kit, 
Ambion, USA). I pg of total RNA was used to synthesize cDNA 
using oligb-dT primers (Superscript; Jnvitrogen, Merelbeke, Bel- 
gium^ Reverse transcription was performed at 42 # C for 60 min, fol- 
lowed by 70* C for 1 0 mi n. 

Real-Time PCR . 

ReaMime PCR was performed on either an AB I Prism 7700 or 
7900 Sequence detection system (Perkin-Bmer Applied Biosystems, 
Foster City, Calif., USA) using the 5' nuclease assay (Taqman™). 
Primer and probe sequences were designed using Primer Express (PE 
Applied Biosysiems) and are shown in table I. Quantitative values, 
were obtained from the threshold cycle number (Ct) at which the 
increase in the signal associated with exponential growth of PCR 
products is detected using PE Biosysiems analysis software, accord- 
ing to the manufacturer's instructions. > • * 

We have used Ihc method to analyze the relative changes 

in gene expression of the different genes between tumor and corre- 
sponding normal tissue samples. We used the mitochondrial ATP 
synlhase 6 (ATPsy6) as the endogenous RNA control [10; Janssens el 
al, in prep.}, and each sample was normalized to its ATPsy6 content. 
The relative expression of the target gene was also normalized to the 
corresponding norma) tissue sample (calibrator). Results, expressed 
as the amount of target sample relative lo.lhe ATPsy6 gene and Ihe 
calibrator, were determined as" follows, N - 2- |aCtJ * m P k - AOraWbi»»o 
where the ACl values of iKe sample and calibrator were determined 
by subtracting Ihc average Cl value of the sample and the calibrator . 
from the average Ct value of the ATPsy6 gene. Amplification Was 
done essentially as described previously f 1 0J. Briefly, 50 uJ of reac- 
tion mixture containing 1 pi of c£>NA template were amplified as 
follows: incubation at 50* C for 2 rain, denaiuration at 95 "C for 
1 0 min, and 50 cycles at 95 ° C for 1 5 s and 60* C for Y mm. 

Membrane Preparation. Gel Electrophoresis and Jmmvnobloiting 
Tissue samples were weighed, suspended at a 40 times dilution 
|= 40 volumes/original wet weight of tissue (v/w)J in 50 mM txxi- 
HCl buffer, pH 7.4, and homogenized with an Ullra-Turrax homoge- 
nizes After centrifugation for JO min, 24,000* at 4* C, the pellet was 
washed three times by resuspension in the Tns-HCI bulTer followed . 
by centrifugation. The final membrane pellets were stored at -80*C 
in Ihe Tris-HCI buffer at a concentration of 0.5-1 rojg/mL The Brad- 
ford protein assay (Pierce, Aalst, Belgium) was used for protein deter- 
mination. Proteins (50 pg) were separated. by 8% SDS-PA GE and 
transferred to nitrocellulose membranes. Afirr primary and second- 
ary antibody incubation, the antigen-ahtibody-peroxidase complex 
was detected by c hern (luminescence (Pierce, Aalst, Belgium) accord- 
ing to the manufacturer's instructions. 

Immimohisiochemisiry 

Immunohistochemistry was performed on laujVAihick cryosec- 
tions of unfixed tumor tissue and on 6-u;V-thick paraffin sections 
from renal tumor tissue fixed by formalin or by an alcohol- based Fixa- 
tive. Adjacent tissue blocks from renal tumors were processed with 
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Table 1. R col-lime PCR primer and probe sequences 



Target cDHA 


i . Primer/probe sequences* 


Fragment 
position b 


Accession 
No/ 


F2D2 


(a) 5*-alcccgigcccggc-3' 

(b) 5'-giamgaic3tgtagaccgigaagic-3' 

f c) 5'-FAM- 1 a caepcctepral p\t w.TA MRA.V 


1,548-1,613 


AB017364 

• 


FZD3 


(a) 5Mcacgcca#ecatggg-3' 

(b) 5'-nglcaccllcaatUlaricatcg-3' 

fc) 5*-FAM-calcccCB£3ar!ela3rrrtir»trritlt_TAMR A-Y 


J.473-1547 


. AB039723 


. FZD5 


(a) 5'-igccaaggicacticcgm-3' 

(b) 5Mctccaagicgeegc£-3' 

ff) V-FAM-rrttralPDterfloltDrri-r*/* T A 1> A 1* 


2,143-2,204 


HSU4331S 


FZD6 


(a) 5'-ciagcacccccaggil aagagaa-3' 

(b) 5'-cccagagagtclggaga!ggal*3' 

(c) 5'-FAM-tgiggtgaacclgcctcgccag-TAMRA-3* 


2,094-2,170 


AF072873 - 


FZD1 


(a) 5'-cctgigg3aaggcataacig!g-3' 

(b) 5*-aaccaacgggaaaccicaga-3' 

(c) 5 -FAM-aagc3acnitaiaggcaaaigcagtgcaa*TAMRA-3' 


2,687-2,762 


AB0m6> 


FZDS 


(a) 5MgigglcggigclcigctiO* 

<b) 5'-cgctccaigtcgataaggaag-3' 

(c)5'-FAM-ccaccttcgccaccgtctcca-TAMRA-l' 


853-919 


* AB043703 


TZD9 


(a) 5'-ccccgggagciacggac-3' : 

(b) 5 -lagica!gtgcaagaccacgg-3' 

(c) 5'-FAM-!ggcacgC3ctgccaclal3aggci-TAMRA-3'. - . 


1,696-1,763 


HSU82169 


ATPsy6 


(a) 5'-ggtgtaggtglgccngiggt-3* 

(b) 5 -g&gcgcagtgaitaiaggcttO' 

\W J rrtm-aagigggciagggcaiuitaaiciiagagcg-l AMKA-J 


. 530-503 


AF36827I 


c-myc 


(a) 5'-aec3Ccageagegacictga-3' 

(b) 5Mccagcag3agglgatceagact-3' 

fc) 5 ; -FAM-accimgccaggagectgcctct-TAMRA-3' 


U97tMI3 


HSMYCI 


Cyclin Dl 


(a) 5'-gaacctggccgcaatgac-3'- 

(b) 5'-cgcctciggcaititgga-3* 

(c) 5'-FAM-ccgeacgamca»tgaacacil-TAMRA-3' 


4,148-4,211. 


AF5 1 1593 


PPAR5 


(a) 5'-agcatccicaccggcaaa-3' 

(b) 5'-gtcicgatgicgtgg3tcaca-3' 

(c) 5'-FAM<cagccacacggcgccxl-TAMRA-3' 


932-990 . 


NM-006238 . 


3 (a) - Sense primer, (b) = anlisensc primer; (c) - probe. 

b Fragment positions are given according lo (he EMBUGenBank accession No. of doned sequence. 
« EMBJL/CcnBank accession No. of cloned sequence. 



formalin and with ihe alcohol- based fixative. Paraffin and cryosec- 
lions were mounted on pory-i-lysine or 3-aminopropyliricthoxys>- 
lane gelatin-coated slides. The 59 tissue samples on Ihe CL1 human 
renal cancer tissue array, slides were, all fixed with formalin. and 
embedded in paraffin, and ihe sections were mounted on siJane- 
coated slides (SuperBioChips Laboratories). )n addition to renal car- 
cinoma tissue, sections from 10 formalin-fixed paraffin-embedded 
lung carcinomas were, stained for Fzd5. Colon and breast tumors 



were used as positive controls for 0-catenin and cyclin Dl immuno- 
staming. 

The following primary antibodies were used: Fzd5 (Upstate Bio- 
technology), p-catenin (Zymed), cyclin Dl (Zymed). E-cadherin 
(Novaccstra) and cyiokeratin 8 (Biogenex). Cryosections were fixed 
in 4% para formaldehyde for 5 min: acetone for 5 min at -20*Cand 
70% ethanol for 5 min. Endogenous peroxidase activity was 
quenched using 3% H;CX Paraffin sections of formalin- and alcohol- 
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Table 2. Fzd mRNA expression in tumor samples 



Sample 3 Tissue 



Tumor type 



xToId expression increase b 



FZD2 F2D3 FZVS FZD6 F2D7 FZD8 . 



F2P9 



133702 kidney ' • adenocarcinoma 0.17 0.5 3.72 2.13 

137770 kidney renal ceJJ carcinoma 1.23 3J6 836 2.61 

138844 kidney renal cell carcinoma 0.31 0.1 1 6.84 1.18 

137 146 kidney renal cclJ carcinoma 0.47 0.45 3.16 2.23 

137564 kidney . renal cell carcinoma . 3.43 2.95 9.6 1.57 

.133408 kidney renal cell carcinoma 23.97 0.98 6.39 2.48 

139188- kidney renal cell carcinoma 3.7 0.56 0.66 1.33. 

135699- kidney renal cell carcinoma 2.6* 0.36 4.83 6.9 

139064 kidney renal ceil carcinoma 5.16 J. 82 1.25 2.36 

134585 kidney renal cell carcinoma 1.47 0.72 1.38 0.47 

140279 kidney jenalcelf carcinoma 7.33 18.17 3.93 6.05 



0.06 

13 

023 

0.73 

7.64 

5.05 

0.37 

0.34 

1.8 

0.09 . 
6.41 



1.32 
8.21 
318 
4.42 
352 
16.72 
4.41 
2.54 
2.19 
04 
4.65 



544 

2.8 

1.37 



K53 
2.31 
2.85 

7.91 



137252 ovary carcinosarcoma 0.4 3J9 0.49 0.44 0.92 

138256 ovary papillary carcinoma 0.7 5 J 7 122 2.) 9 0:4 

146472 ovary . serous papillary carcinoma 0.39 3.29 2.56 1.34 394 



0.54- 

0.1! 

0.67 



0.53 



0.59 



145845 
146145 
146630 
146633 
147055 



colon 
colon 
colon 
colon 
colon 



adenocarcinoma 
adenocarcinoma . 
adenocarcinoma 
adenocarcinoma 
adenocarcinoma 



3.45. 

5.46 

4.01 

1.87 

0.66 



3.36 
6.74 
4J3 
1.07 
1.41 



0.58 

4.42 

0.3 

1.62 

1*01 



122 
6J7 
1.16 
1.47 

1.33 



K67 
3.36 
0.54 
OM 
024 



124 

6.08 
0.55 
2.07 
0.79 



1.99 
0.15 
0.12 

4,87 



142253 


Jung 


adenocarcinoma. 


0167 


5.27 


0.43 


' 1.87 


0.33 


143036 


lung 


adenocarcinoma 


0.67 


1.24 


2.63 


1.13 


1.11 


.138938 


lung. 


adenocarcinoma 


0.93 


0.88 


1.07 


1.3 


1.73 


133563 


Jung 


adenocarcinoma 


2.76 


1.23 


0.31 


134 


0.99 


144387 


Jung 


■*- adenocarcinoma 


12.85 


0.43 


0.49 


0.25 


2.73 


137304 


lung 


acinary adenocarcinoma 


0.54 - 


9J5 


1.65 


1.25 


0.63 


144546 


Jung 


epithelial carcinoma 


0.1 


0.67 


0^21 


8.1 J 


- 0.27 


137621 


lung 


epithelial carcinoma 


1.52 


2.19 


.0.37 


226 


0.52 


145552 - 


lung 


epithelial carcinoma 


1.09 




0.16 


0.91 


1.47 


143987 


lest is 


embryonal carcinoma 


0.24 


0.6 


19.43 


1.33 


23J2 


137332 


stomach 


leiomyoma 


19.32 


391 


0.45 


1.53 


18.98 


139026 


stroma 


gastrointestinal carcinoma 


66.1 


3Ji 


0.03 


6.67 


8.44 


136049 


rectum 


adenocarcinoma 


1.71 


0.52 


0.4 


0.54 


0.29 


140794 


gall bladder 


adenosquamous carcinoma 


0.19 




0.93 


3.02 


0.2 



0.59 
1.04 
0.38 
0.78 
0.54 
3.41 
0.97 
0.45 
0.13 



0.41 
9.19 
0.76 
4.97 

2.64 
1.32 
1.06 
0.5 



2.43 
32.82 
2.28 
0.88 



0.33 
16.7 
20.82 

028 



* Sample identification numbers were given by the pathologist. 

b Results 3re expressed as x-lbld increase of the gene in the tumor tissue sample compared to ils matched normal tissue sample after 
normaliimg both samples on the basis of their ATPsy6 content. A cutoJTof 3-fold was used to define differential expression. Significant 
(>3-fold) increases m the expression level of the Fzd receptor are shown in italics. ^ = Expression of the target gene undetectable in one or both 
, samples (tumor and/or normal)* 



fixed tissue were processed with a irypsin-ciirate.microwave pre- 
treatment or with an £DTA-microwave pretreatment to unmask epi- 
topes, respectively. Sections were then sequentially processed with 
primary antibodies. biptinWaied secondary antibodies and si rept av- 
id in- bioiin-pe r oxidase (Fzd5. JE-cadherin and cyiokeratin 8). For 0- 
catenin. polyclonal rabbil antibody with the En Vision detection sys- 
tem (DAKO) was used. The slides were further developed using 3- 
amino-9-eihylcarba20Je. count erstained wiih hemalaun and mount- 



ed with glycerin gelatin. Stained sections were observed with an 
Axioplan 2 microscope equipped with an Axiocam digital camera. 
Staining intensity for p-catenin was scored as no staining (value 0), 
weak and fragmentary staining of cell membranes (value 1), moder- 
ate membrane staining of less than 50% of the tumor cells (value-2). 
. moderate membrane staining ofmore than 50% of tumor cells (value 
3) and strong membrane staining of more than 75% of tumor celJs 
(value 4). The cycJin Dl staining was quantified as a percentage of 
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F5g- 1. Fzd5 protein. expression in matched 
tumor/normal kidney samples. T = Tumor 
sample; N = matched normal sample. Sam- 
ple identification numbers arc given by thfe . 
pathologist. 
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cyclin Dl-immunoreactive nuclei in tumor ceJls in three fields (area: 
1 8,64 1 pm 3 ) of each tumor sample: The total number of tumor nuclei 
ranged from 51 to 164. The correlation between Fi45 and p-catcmn 
staining* and between Fzd5 and cyclin Dt staining was evaluated by 
the Mann-Whitney U test. . 



sion level was observed to be relatively Jow in these rung 
tissues compared to the other tissues investigated. 



fiesuhs 

Fzd mRNA Expression in Matched Human 
Tumor/Normal Tissue Samples 

Fzd expression in tumor tissue was compared with Fzd 
expression in matched normal tissue samples and normal- 
ized to the expression of the housekeeping gene mitochon- 
drial ATPsy6 (table 2). A 3-fold increase was considered 
significant. . 

In the kidney tumor samples, in which 10 of 1 1 sam- 
ples were clear cell carcinomas, Fzd5 was upregulated in 8 
of the 1 1 samples. A sijnDar observation was made for 
F2d8 and 4 Fzd2, which were upregulated in 7 and 5 renal 
tumor samples, respectively. None of the other Fzds 
showed consistent upreguJation. 

Both F2d2 and F2d3 were upregulated in 3 of 5 colon 
adenocarcinoma samples. No oiher Fzd expression was 
significantly different compared to the normal colon tis- 
sue sample. F2d3 showed an increased expression in all 3 
ovarian carcinoma samples. F2d expression was not al- 
tered in any of the lung tumor samples. The F2d expres- 



W estern Blot and J mmunohistochemistry Analysis on 
Renal Carcinomas 

Western blotting was used to evaluate F2d5 protein 
expression in the renal tissue samples used for mRNA 
expression analysis. Membrane fractions of the renal car- 
cinoma and corresponding normal tissue samples were 
prepared. As previously shown (table 2\ Fzd5 .mRNA 
upregiilation was detected in 8 of the 1 1 matched tumor/ 
normal samples. Increased expression of Fzd5 protein 
was seen in membrane fractions from 9 of I I samples 
(fig. 1). In most cases, concomitant increases in F2d5 
mRNA and protein levels were observed. 

Hemaioxylin-eosin staining of the Cryoseclioned' tu- 
mors confirmed the presence of clear cell carcinoma. 
Fzd5 immunoslaining in clear cell carcinoma (fig. 2a, b) 
was observed to be localized to cell membranes and to 
nuclei. Cytokeratin 8 (fig. 2c) and E-cadherin (fig. 2d) 
were also delected. E-cadherin labeling of ceil membranes 
in clear cell carcinoma was less intense and patchy com- 
pared to epithelial cells of normal renal tissue. 0-Catenin 
staining was confined lo the cell membrane. 0-Catenin 
levels in the clear cell carcinoma membranes were highly 
variable. Nuclear 0-catenin staining was not observed in 
any of the samples. Epithelial cells in normal renal tissue 
showed intense membrane staining and some cytoplasmic 
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Staining. In addition, weak p-calenin staining of endothe- 
lial cells was observed. A high number of cyclin Dl- 
immunoreactive nuclei was observed in clearcefJ carcino- 
. ma (fig. 2Q. 

On the CL1 human kidney cancer tissue array, 30% 
(n = 9) of the clear eel) carcinoma tumor samples (n = 30) 
showed Fzd5 immunoreactivity (fig. 3a). Membrane-as- 
sociated p-catenin staining was observed in 33% of the 
FzdS-positive tumor samples and 57% of Fzd5-negative 
clear renal cell carcinoma samples (table 3; fig. 3c, d). 
Again, nuclear P-catenin staining was never observed. 
Statistical analysis did not reveal a difference in the 
expression of (^catenin between Fzd^positive and Fzd5- 
negative tumor samples (fig. 4a). 

Nuclear cyclin D) was observed in. 89% of the Fzd5- 
positive clear cell carcinoma samples (table 3; fig.3e). 
Only 38% of the Fzd5-negative clear cell carcinoma sam- 
ples; contained nuclear cyclin Dl. Statistical analysis 
showed a significantly higher cyclin Dl expression in 
Fzd5-positive compared to Fzd5-negative tumor samples 
(fig. 4b). 



Expression of PPAR5 was investigated because it repre- 
sents a direct target of tbe Jkratenin pathway with T cell 
factor binding sites in its promoter. Expression of c-myc 
was found to be upregulated in 7 of 1 1, whilst cyclin Dl 
was upregulated in 10 of 1 1 kidney tumor samples (ta- 
ble 4). PPAR6 was upregulated in 9 cases. AH three select- 
ed target genes showed a marked upreguJation in . the 
majority of renal tumors, which suggested that the WmV 
P-catenin pathway was activated in these samples: 



Discussion 



c-myci Cyclin Dl and Peroxisome 
Proliferator-Actiyoted Recepior 8 Expression in Renal 
Carcinomas 

Wnt/p-catenin.pathway activation in the kidney tissue 
samples was investigated looking at the expression of a 
number of target genes, which have previously been 
shown to be upregulated when the pathway is active. 
Gene expression of c-myc, cyclin Dl and peroxisome 
proliferalor-activated receptor 6 (PPAR6) was analyzed. 
Increased expression of both c-rriyc 3nd cyclin DJ genes 
have been implicated in cell proliferation, and carcino- 
genesis, and Ihey represent two of the more important and 
closely studied target genes of the Wnt signaling pathway. 



Rg. 2. Distribution of Fzd5 (», b) ( cytokenitin 8 (c), E-cadherin (d) 
and p-catenin (o) immuhortactiviiy in para /fin sections from a renal 
tumor processed by an alcohol fixative. From the same tumor, a for- 
malin-fixed block was used Tor eydin Dl immunosiaining (f). Fzd5 
immunostaining shows distinct immunor cacti viiy in cell membranes 
and in nuclei of clear cell renal carcinoma. Clearcells arc immunore- 
activc for cytokeraiin 8. 0-Catenin and E-cadherin staining of mem- 
branes is raiher weak, and not uniform, in clear cell renal carcinoma. 
Nuclear p-catenin immunoreactivity was no! observed. In clear cell 
renal carcinoma, many nuclei showed cyclin Dl immunoreactivity. 
The inset in f shows 3 detailed view of the cyclin Dl labeling of nuclei 
in dear cell renal carcinoma. 



Fzd family member overexpression has been postu- 
lated to play key roles in different tumor types such as 
esophageal carcinoma [11], gastric cancer [12] and head - 
anil neck squamous, cell carcinoma [13], The current 
study evaluated the potential implication of Fzds as 
tumor-associated antigens in different tumor types. We 
screened a number of matched normal/tumor tissue sam- 
ples for the expression of a variety of Fzds using real-time 
quantitative PCK. . - 

ResuJts obtained revealed that both Fzd5 and Fzd8 
mRNA were overexpresscd in the majority of renal carci- 
noma samples when compared to the matched normal 
kidney samples. Fzd2 and Fzd3 were upregulated in 3 of 5 
coloj) adenocarcinoma samples. Fzd3 was also upregu- 
lated in the ovarian tumor tissue samples compared to the 
matched normal tissue samples. None of the other Fzds 
evaluated showed a specific differential expression pat- 
tern in any of the samples studied, Fzd5 and Fzd 8 show 
69.1 % similarity and belong to the same subgroup of Fzds 
[14], The significantly higher expression of Fzd5 and. 
Fzd8 in the renal tumor samples, as compared to the nor- 
mal renal samples, suggests a higher probability that this 
subgroup may be implicated in the progression of renal 
cancer. Therefore, we decided to further examine the pos- 
sible role of Fzd5 in renal carcinoma. 

We observed, using Western blotting, that protein lev- 
els were mostly consistent with mRNA levels in the tumor 
samples. In order to be able to determine the Fzd5 expres- 
sion in a broader range of kidney tissues, we utilized a 
tissue array. Fzd5 membrane staining was detected in 9 of 
30 (30%) clear cell carcinomas, and importantly, mem- 
brane staining was not detected in the matched 9 normal 
kidney tissue samples. 

Since the Writ signaling pathway appears to play an 
important role in embryonic development, in particular 
embryonic kidney induction [15, 16), activation of this 
pathway in the adult kidney due to mutation or overex- 
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Table 3. Correlation between Fzd5 and 
0-caienin or cyclin DJ expression 



P;C3iemn.+ 
^Caichm- 
CVcHn 01 + 
Cyclin DI - 



33 
67 
89 
II 



57 
43 
38 
62 



pression of one of the components of the pathway couJd 
. be a determining factor in the development of ren'ai can- 
cers. Therefore, several studies have looked into the possi. 
ble function the WW^catenin pathway plays in renal 
carcinogenesis. APC gene mutations have been demon- 
strated not to be involved in renal carcinom'a [17, 18]. Jn 
addition, 0-catenin mutations are rare events in renal car- 
cinoma [19, 20]. Nevertheless, cytoplasmic accumulation 
of p-catenin has been reported in a number of renal cell 
carcinomas fJ9], and thus the Wnt signaling pathway 



T,bte4. W nl/P <atmin target gene mRNA repression in lumor samples 



Sample Tissue 



Tumor type 



133702 

137770 

138844 

137J46 

137364 

133408 

139)88 

135699 

139064 

134385 

140279 



x-fbJd expression increase* 
c-myc cyclin D I PPAR5 



kidney adenocarcinoma 

kidney renal eel) carcinoma 

kidney renal cell carcinoma 

. kidney renal cell carcinoma 

kidney renal cell carcinoma 

Jtidney renal cell carcinoma 

kidney renal cell carcinoma 

kidney renal cell carcinoma 

kidney renal cell carcinoma 

kidney renal cell carcinoma 

kidney renal cell carcinoma 



0.54 
J3S . 
2.39 
7.62 

33.82 
7.8 
2.22 

12.18 

22.11 
1.79 

61.68 



4.52 
28.91 
31.49 
15.38 
19.65 
8.92 
9.92 

22.73 
5.04 
1.14 

54.95 



042 
5.53 
7.48 
3.15 
8.65 
4.86 

. 11.67 
5.53 

. 6J3 
1.67 
14.62 



• Sample identification numbers were given bv the pathologist. 
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Fig. 4. Box plot charts (thick black line = 
median) illustrating the relationship be- 
tween F2d5 immunostaining and 0-catenin 
(») and cyclin D 1 (b) expression in clear cell 
renal carcinoma. No significant correlation 
was observed between ibe fl-catenin scores of 
Fzd5-posilive and -negative clear ceil renaj 
carcinoma. Nuclear cyclin. D) staining in 
clear cell renal carcinoma showed 3 signifi- 
cant di/Tercp CC between F2d5 -positive and 
F2d5-negative tumor samples. 
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might act as an inducer of tumorigenesis in the kidney. 
. This view is supported by the observation that aberrant 
activity of the Wnt signaling pathway has been reported in 
renaJ-cancer-derived eel) lines. Zang et al. [2 1 ) observed a 
higher expression level ofWntSa and Fzd5 mRNA in the 
renal cancer cell line GRC-1 than in the norma] renaJ cell 
line HK-2. Expression of p-cateniri was also higher in 
GRC-1 than in HK>2. 

To determine the status of the canonical Wnt signaling 
pathway in our renal carcinoma samples, we have quanti- 
tated the mRNA levels of three important target genes of 
. T ceJl factor/Jymphoid enhancer factor activation by 
P-catenin- The mRNA levels of these three target genes 
(c-jnyc, cyclin DI and PPAR 5) correlated largely with the 
expression, of F2d5 in these samples, suggesting that the 
.canonical pathway is activated. On the kidney tissue 
array, cyclin Di protein expression showed a highly sig- 
nificant correlation with the Fzd5 expression in the tumor 
samples (table 3). Cyclin Dl protein is frequently. overex- 
pressed in various tumors, but in only a. proportion of the 
cases is it due to amplification of the cyclin Dl gene [22]. 
.Therefore, other mechanisms such as upregulatiori of gene 
. transcription may play a substantial role in the overex- 
pression of cyclin Dl [23-26].' Our data, showing in- 
creased cyclin Dl expression in renal carcinoma samples, 
are consistent with the results of Stassar et al. [27], They 
studied genes that are associated whbhuman renal carci- 
noma by suppression subtracjive hybridization and re- 
ported 14 differentially expressed genes, including cyclin 
Dl. Although we would have expected an increased nu- 
clear f^catenin staining, nuclear accumulation of P-cate- 



nin was not observed in any of the tumors or on the tissue 
array. This result is consistent with the data presented for 
renal cell carcinomas by Kim et aL [19]. They did not 
detect nuclear p-catenin staining in the 52 renal cell carci- 
nomas examined. The lack of nuclear p-catenin staining 
has also been reported by others in tumors that might 
have arisen from Wnl/p-catenin pathway activation [28- 
31]. 

While expression of both Wnt5a and Fzd5 does induce 
duplication of the Xenopus head, exogenous expression of 
Fzd5 in a Xenopus model does not induce duplication of 
the head [32]. Fzd5 does not activate the p-catenin signal- 
ing pathway on its own, as the presence of its endogenous 
ligand is also required. Our results.suggest that Fzd5 may . 
have a role in renal cell carcinogenesis due to its frequent 
overexpression observed in these tumor samples, and we 
. hypothesize that if Fzd5 is overexpressed, it has a rather 
limited effect, on p-catenin signalings However, in the 
presence of its endogenous still unknown ligand, it acti- 
vates the canonical Wnt signaling pathway. The elucida- 
tion of this ligand and its binding characteristics is still 
under investigation. Ultimately, knowledge of the specific 
expression patterns of both Wnt and Fzd members could 
lead to directed tumor targeting or could be used as a 
tumor marker. 
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Immunohistocliemical analysis of NY-ESO-1 antigen expression in normal 
and malignant human tissues. 

Jungbluth A A , Chen YT, Stockert E , Busam KJ , Kolb D, Iversen K . Copfan IC 
Williamson B , Altorki N, Old LJ. 

Ludwig Institute for Cancer Research, Memorial SIoan-Kettering Cancer Center, New 
York, NY, USA. jungblua@mskcc.org 

NY-ESO-1, a member of the CT (cancer/testis) family of antigens, is expressed in normal 
" testis and in a range of human tumor types. Knowledge of NY-ESO-I expression has 
depended on RT-PCR detection of mRNA-and there is a need for detecting NY-ESO-1 at 
the protein level. In the present study, a method for the immunochemical detection of 
NY-ESO-1 "in paraffin-embedded tissues has been developed and used to define the 
expression pattern of NY-ESO-1 in normal tissues and in a panel of human tumors. No 
normal tissue other than testis showed NY-ESO-1 reactivity, and expression in testis was. 
restricted to germ cells particularly spermatogonia. In human tumors, the frequency of 
NY-ESO-l antigen expression corresponds with past analysis of NY-ESO-1 mRNA 
expression e.g., 20-30% of lung cancers, bladder cancers and melanoma, and no 
expression in colon and renal cancer. Co-typing of NY-ESO-1 antigen and mRNA 
expression in a large panel of lung cancers showed a good correlation. There is great 
variability in NY-ESO-1 expression in individual tumors, ranging from an infrequent 
homogeneous pattern of staining to highly heterogeneous antigen expression. Copyright 
2001 Wiley-Liss, Inc. 
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Multidrug resistance phosphoglycoprotein (ABCBl) in the mouse 
placenta: fetal protection. 

Kalabis GM, Kostaki A . Andrews MH. Petropoulos S. Gibb W. MatthewsSG . 

Department of Physiology, University of Toronto, Ontario, Canada. 

The multidrug resistance phosphoglycoprotein ATP-binding cassette subfamily B 
(ABCBl) actively extrudes a range of structurally and functionally diverse xenobiotics as 
well as glucocorticoids.. ABCB I is present in many cancer cell types as well as in normal 
tissues. Although it has been localized within the mouse placenta, virtually nothing is 
known about its regulation. In the mouse, two genes, Abcbla and Abcblb, encode 
ABCBl. We hypothesized that there are changes in placental Abcbla and Abcblb gene 
expression and ABCBl protein levels during pregnancy. Using in situ hybridization, we 
demonstrated that Abcblb mRNA is the predominant placental isofonn and that there are 
profound gestational changes in the expression of both Abcbl a and Abcblb mRNA. 
Placentas from pregnant mice were analyzed between Embryonic Days (E) 9.5 and 19 
(term approximately 19.5d). Abcblb mRNA was detected in invading trophoblast cells 
by E9.5, peaked within the placental labyrinth at EI2.5, and then progressively decreased 
toward term (P < 0.0001). Abcbla mRNA, although lower than that of Abcblb at 
midgestation, paralleled changes in Abcblb mRNA. Changes in Abcbl mRNA were 
reflected by a significant decrease in ABCB 1 protein (P < 0.05). A strong correlation 
existed between placental Abcb 1 b mRNA and maternal progesterone concentrations, 
indicating a potential role of progesterone in regulation of placental Abcblb mRNA.' In 
conclusion, there are dramatic decreases in Abcbla and Abcblb mRNA and in ABCBl at 
the maternal-fetal interface over the second half of gestation, suggesting that the fetus 
may become increasingly susceptible to the influences of xenobiotics and natural steroids 
in the maternal circulation! 
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Expression of human telomerase reverse transcriptase gene and protein 
and of estrogen and progesterone receptors, in breast tumors: Preliminary 
data from neo adjuvant chemotherapy. 
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Human telomerase reverse transcriptase (hTERT), the catalytic subunit of telomerase, is 
v«y closely associated with telomerase activity. Telomerase has been implicated in 
cellular immortalization and carcinogenesis, in situ detection of hTERT will aid in 
determining the localization of telomerase-positive cells. The aim of this study was to 
detect expression of hTERT mRNA, hTERT protein, estrogen receptor (ER) and 
progesterone receptor (PR) in paraffin-embedded breast tissue samples and to investigate 
the relahonsh.p between hTERT expression and various clinicopathological parameters 
m breast tumongenesis. We used in situ hybridization (ISH) to examine hTERT gene 
expressron, and immunohistochemistry (IHC) to examine expression of hTERT protein 
ER and PR, m breast tissues including 64 adenocarcinomas, 2 phyllode tumors and their 
adjacent normal breast tissues. hTERT gene expression was detected by ISH in 56 f88%) 
c^cmomas but in neither of the 2 phyllode tumors. hTERT protein expression was 
detected by IHC m 52 (81%) carcinomas, but in neither of the 2 phyllode tumors 
Moreover ER and PR were expressed in 42 (66%) and 42 (66%) carcinomas 

strongly expressed hTERT gene and protein before treatment, neo-adjuvant 
chemotherapy led to disappearance of gene and protein expression in all cases There was 
a strong correlation between detection of hTERT gene expression by ISH and of hTERT 
protein by ICH m tissue specimens from breast tumors. These results suggest that 
detection of hTERT protein by ICH can be used to distinguish breast cancers as a 
potential diagnostic and therapeutic marker. 
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Abstract. Human telomerase reverse transcriptase (hTERT), 
the catalytic subunit of telomerase, is very closely associated 
with telomerase activity. Telomerase has been implicated m 
cellular immortalization and carcinogenesis. In wu detection of 
hTERT wit! aid in determining the localization of telom erase - 
positive cells. The aim of this study was to detect expression of 
hTERT mRNA, hTERT protein, estrogen receptor (ER) and 
progesterone receptor (PR) in paxafTm-embedded breast tissue 
samples and to investigate the relationship between hTERT 
expression ond various cJinicopathological parameters in breast 
rumorigenesis. We used in situ hybridization (1SH) to examine 
hTERT gene expression, and imrnunohistochemistry (JHO to 
examine'exprcssion of hTERT protein. ER and PR. in breast 
tissues including 64 adenocarcinomas. 2 ptryllode tumors and 
their adjacent normal breast tissues. hTERT sene expression 
was detected by 1SH in 56 (88%) carcinomas, but in neither 
of the 2 phyllode lumors. hTERT protein expression was 
detected by IHC in 52 (81%) carcinomas, but in neither of 
(he 2 phyllode rumors. Moreover. ER and PR were expressed 
in 42 (66%) and 42 (66%) carcinomas, respectively, and in 
neither or the 2 phyllode tumors. In 4 cases of breast carcinoma 
that strongly expressed hTERT gene and protein before 
treatment, neo adjuvant chemotherapy led to disappearance of 
gene and protein expression in all cases. There was a strong 
correlation between detection of hTERT gene expression by 
1SH and of hTERT protein by 1CH in tissue specimens from 
breast tumors. These results suggest that detection of hTERT 
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protein by 1CH can be used to distinguish breast cancers as a 
potential diagnostic and therapeutic marker. 

Introduction 

Breast cancer is the most frequent malignancy in women, 
affecting up to one in every eight females worldwrdc. Trie 
most important clinicopathological prognostic parameter so 
far identified is the absence or presence of lymph node 
metastasis, but the identification of further parameters for 
both lymph node-positive and -negative patients would 
facilitate an individually based risk-directed therapy (!). A 
promising emerging molecular marker is telomerase. a 
ribonucleoprotein enzyme complex, which when actuated 
or upregulated allows tumor cells to escape from cellular 
senescence and to proliferate indefinitely (2). The human 
telomere is a simple repeat sequence of six bases (TTAGGG) 
lhat is located at the ends of each chromosome (3). Telomeres 
are believed to protect against degeneration, reconsimction. 
fusion, and loss (4) and to promote the homologous pamng 
of chromosomes (5). The end-to-end chromosome fusions 
observed in some tumors may result from the loss of telomeres 
and may be partly responsible for the genetic instability 
associated with lumoiigenesis. Telomerase catalyzes the 
synthesis of telomere DNA and facilitates cell immortalization 
thiough the stabilization of chromosomal structure (6-8) 
Although the expression of the human RNA component of 
telomerase (hTERC) is widespread, the restricted expression 
pattern of the mRNA of hTERT, the human telomerase 
catalytic subunit gene, is correlated with telomerase activity 
(8-13). As telomerase activity seems to be the key player in 
tumor cell immortality, it has importance as a target molecule 
for anti-cancer therapy. Telomerase activity has been shown 
lo correlate wiih poor clinical outcome in neuroblastomas 
and other tumors (14). For breast cancer, however, telomerase 
activity is a controversial prognostic marker: some studies 
.suggest that telomerase activiiy, clinicopathological parameters 
and disease outcome are linked, whereas others do not find 
this association (J4-23). 
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We have succeeded in very clearly and sensitively demon- 
strating hTERT mRNA irr thyroid; colorectal, parathyroid 
and lung tissues by use of an oligonucleotide probe (13,24-26). 
Strong correlation has been observed between hTERT mRNA 
andVor protein expression and telomerase in a variety of 
malignant tumors (13.14,24.25.27,28). In the present study, 
we used ISH to examine expression of the hTERT gene, and 
IHC to examine expression of hTERT protein, BR and PR, in 
64 carcinomas and 2 phyllodes rumors of breast to determine 
whether hTERT protein can be used to diffeientiate breast 
cancers. We also analyzed hTERT mRNA and protein 
expression with special reference to clinical features and 
histological findings to investigate the potential role of 
hTERT mRNA expression analysis in predicting the biological 
characteristics of breast cancers. Since hTERT expression in 
breast rumors has not previously been analysed by ISH or IHC, 
our investigation also examined various clinicopatbological 
parameters; including age, histopathologic^ type, tumor size, 
lymph node status, relapses, and the expression of ER and PR. 

" Materials and methods . 

Tissue collection. Sixty-six samples were obtained during 66 
mastectomies: 64 breast carcinomas, 2 phy Modes tumors and 
66 specimens of the adjacent normal breast gland. In 4 cases, 
samples were obtained during core needle biopsies (CNB) 
before neo-adjuvant iherapy and again during mastectomies 
after neo-adjuvant therapy; for these cases, all measurements 
and examinations were performed both before and after the 
neo- adjuvant therapy. The patients ranged in age from 32 to 
90 years. The patients with carcinomas ranged in age from 37 
to 90, mean 56, years and were alj women. The women with 
phyllode tumors were aged 32 and .38 years, respectively. 
The surgical and CNB tissue samples were frozen rapidly 
with liquid nitrogen and stored at -80T until fixation. Then, 
ihey were fixed in 10% buffer formalin solution and 
embedded in paraffin. Surgical and CNB samples were 
collected from the patients after obtaining their informed 
consent, and the study protocol was approved by the Medical 
Department of the University of Tokyo Ethics Committee. 
The pathologic diagnoses were made by the surgical 
pathological specialists at our institute on the basis of 
examination of hematoxylin-eosin stained slides. A 
patholofiicai review was performed for all breast tumors 
according to the BRE score. pT and pN staging were assigned 
according lo the 1997 WHO classification (7th edition). 

MCF-7 human breast cancer cells, kindly provided by the. 
Cell Resource Center for Biomedical Research, Institute of 
Development, Aging and Cancer, Tohoku University, were 
used as positive controls. The cells were incubated in RPMl- 
)640 medium with 25 mM HEPES buffer. L-gluiamine. and 
J0% fetal. bovine serum (Gibco, Grand Island, NY) on a 
chamber-attached slideglass (Lab-Tek 3 Chamber Slide™: 
Nalge Nunc International, NaperviHc. IL) in a humidified 5% 
CO, atmosphere at 37*C. The cells were then fixed with 10% 
buffered neutral formalin (Sigma Chemical Co.. Sk Louis. 
MO). The cultured MCF-7 cell line lhat was used as a positive 
control iv35 trsted for telomeres*: with a PCR- based standard 
TRAP assay (6.! 3). These cells were also used to prepare cell 
blocks. Briefly, the cells were fixed in 10% buffered nenuol 



formalin, resuspended in molten agarose and then embedded m 
paraffin- Sections from these cell blocks were used as positive 
procedural controls in ISH and IHC. The negative control in 
)SH was obtained by replacing the oligonucleotide probe with 
RNase. The negative control in IHC was obtained by replacing 
the primary antibody with Tris-buffered saline (TBS). 

Oligonucleotide probe for ISH. The specificity of the oligo- 
nucleotide sequence was initially determined by a GcnEMBL 
database search using the Genetics Computer Group Sequence 
Analysis Program (6CG, Madison, WI) based on the fastA 
algorithm (29); the sequence exhibited 100% homology 
with the hTERT gene sequence. A dfT)^ oligonucleotide 
was used lo verify the integrity and.lack of degradation of 
the mRNA in each sample. All oligonucleotide probes 
were synthesized with a hapten-labeled nucleotide, such a* 
digoxigeom-dUfP (Boehringer-Mannheim)» at the 3* end via 
direct coupling by using standard phosphoramidite chemistry 
(Research Genetics. Huntsville, AL) (30). The probe used for 
detection of hTERT by ISH was generated from the original 
sequence for Homo sapiens telomerase reverse transcriptase 
(AF015950), 2766-2800: S'-GCCTCGTCTTCTACAGGGA 
AGTTCACCACTGTCTT-3' (13,24-26). 
> 

ISH. ISH was performed with the GenPoint nucleic acid hyper- 
detection system (Dako; Carpenteria, CA) (31). Formalin- 
fixed, paraffin-embedded tissue sections (5 //m thick) were 
deparaffinized in xylene and a graded alcohol series. Tissue 
. sections and CNB samples were then pretreated with target 
retrieval solution (Dako, SI 700) at 95X and proteinase K 
(Dako, S3004) at room temperature. Next; the tissues and 
CNB samples were Axed in 03% hydrogen peroxide followed 
by a methyl alcohol series at room temperature. Pigoxigenin- 
labeled anti-sense oligonucleotide in mRNA in situ hybri- 
dization solution (Dako. S3304) was placed over the tissues 
and CNB samples. After hybridization at 37*C overnight, 
the slides were washed in stringent wash solution (Dako. 
GenPoint System Kit) at 45*C The tissues and CNB samples 
were exposed to avidin blocking solution (Dako, X0590) 
at room temperature followed by biotin blocking solution 
(Dako, X0590) at room temperature. The tissues and samples 
were then incubated at room temperature with a sheep 
monoclonal hapten- labeled anti-digoxigenin antibody (Dako. 
p5J04), and the slides were then fixed with biotinyl tyraminc 
(Dako, GenPoint System Kit) at room temperature. Finally, 
the slides were incubated with HRP-conjugated streptavidin 
(Dako, GenPoint . System Kit) at room temperature. Since 
33'diaminobenzidine teirahydrochloride (DAB) was used as 
the substrate, a positive reaction was visible as a brown color 
under a light microscope. The sections were weakly counter- 
stained with 0.1% hematoxylin. ' 

IHC. IHC was performed by the avidin-biotin complex/ 
horseradish peroxidase method. Tissue sections were stained 
for hTERT with a commercially available monoclonal antibody 
(NCL-L-hTERT; Novocastra. Newcastle upon Tyne. UK). 
Sections were dewaxed in xylene. Antigen retrieval was done 
by incubating sections immersed in 0.01 M citrate buffer al 
pH 6.0 in a miciowavc oven at 99"C. The sections were 
allowed io cool down at room temperature. The sections 
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Figure I. Representative results of the TRAP assay. If functional telomtrase is 
present, ihc enzyme adds DNA to the substrate in 6-base-pair (bp) increments, 
resulting m a ladder- like distribution of products. The 6-bp ladder signals are 
apparent /or MCF-7 and breast cancers (case nos. 6, 14, 23. 44 and 59) and we 
nol apparent for lysis buffer as tbe negative control. An cAtraci of MCF-7 was 
used as > positive control for the TRAP msay and as an Internal TeJomerase 
Assay Standard (IT AS) positive control for PCR amplification, with lysis 
buffer as tbt negative control (Lysis). 



were then immersed in )% hydrogen peroxide (H 3 0 2 ) in 
methanol to.block endogenous peroxidase activity. Following 
that, the sections were washed in TBS (pH 7.6) before being 
incubated in normal rabbit serum for 20 min lo block non- 
specific binding. After draining off the excess serum, the 
sections were incubated with the primary antibody at room 
temperature. The sections were washed in TBS before being 
incubated with the secondary antibody (bioiinylated rabbit 
ami-mouse, Dako). The sections were washed again with 
TBS and incubated with avidin biotin complex/horseradish 
peroxidase. After washing the sections with TBS, peroxidase 
activity was vjsualiied under light microscopy by applying 
DAB chromogen (Dako). The sections were counterstained 
with hematoxylin, dehydrated in increasing grades of alcohol 
and finally mounted in dibutyl phthalaie (DPX) mountant. 

Homogeneous staining or a speckled/dotted pattern in the 
nucleus was considered positive staining, and absence of 
distinct nuclear staining was taken as negative staining. 
Grading of the percentage of stained cells (hTERT labeling 
index) was performed by previously published. criteria (1) as 
follows: Grade 1, negative staining; Grade 2, 1-10% positive 
staining nuclei; Grade 3, 11-50% positive nuclei; and Grade 4, 
>50% positive nuclei. Immunostained slides for ER and 
PR were scored as previously described (32,33). Jn brief, 
each entire slide was evaluated by light microscopy. First, a 
proportion score was assigned, which represents the estimated 
ptoponion of positive- staining tumor cells (0, none; I , < 1/100; 
2. 1/100 to i/10:3, 1/10 to 1/3; 4, 1/3 to 2/3: and 5, >2/3). 
Next, an intensity score was assigned, which represents the 
average intensity of positive tumor cells (0. none; I, weak, 
2, intermediate: and 3, strong). The proportion and intensity 
scores were then added to obtain a total score, which ranged 
from 0 to 8. Si ides were sco;ed by pathologists who did not 
have knowledge of hgand binding results or pniicni outcome. 



Tabic I. Relationships between mRNA status (negative/ 
positive) by JSH and standard clinical, pathological, and 
biological factors in the 66 tumors. 



No. of patients (%) 



Total 



population hTERT hTERT * 

(%) negative positive P-value* 



Total 


66 


10(15,2) 56(84.8) 




Age 








<50 


26 


6 (23.1) 20(76.9) 




>50 


40 


6(15.0) 34(85.0) 




Hisiopatho- 








logical type ^ 






NS 


Scirrhous 


32* 


2 (6.4) 30(93.6) 




PapillotubuJar 


20 


2(10.0) 18(90.0) 




Solid tubular 


6 


1 (16.7) 5 (83J) 




Mucinous 


2 


1 (50.0) . 1 (50.0) 




Nnn -in vative 


4 


2(50.0) 2(50.0) 




PhylJodes 


2 


2 (100) 0 (0) 




Tumor size 






NS 










Tl (<2.0) 


20 


0 (0) 20 (100) 




T2 (2.0-5.0) 


34 


6(17.6) 28(82.4) 




T3(>5.0) 


10 


2(20.0) 8(80.0) 




Lymph node 








status 6 






NS 


pNO 


34 


6(17.6) 28(82.4) 




pNl 


26 


2 (7.7) 24(92.3) 




pN2+pNM 


4 


0 (0) 4 (J00) 




Relapse 






NS 


+ 


10 


0 (0) .10 (100) 






56 


10(17.6) 46(82.4) 




ER expression 






NS 


+ <*2) 


42 


6(143) 36(85.7) 




- (<2) 


24 


4(16.7) 20<833) 




PR expression 






NS 


+ <*2) 


42 


4 (9.5) 38(90.5) 




- «2) 


24 


6(25.0) 18 (75 JO) 





*jr test. NS. not significant: information available for 64 patients. 



Sioihtical analysis. Differences in p- values were analyzed 
wiih the y 1 test for independence, and Fisher's test was used 
for c one la t ions. In all comparisons, p<t).05 was considered 
significant. 

Results 

Representative results of the TRAP assay are shown in Fig, ). 
Trie cultured cells, which weie tested for tclomcrase activity 
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with the TRAP assay, gave positive results with all procedural 
controls (MCF-7 and 5 breast cancer samples) (Fig- I). 

1SH revealed thai hTERT mRNA was strongly expressed 
in the nuclei and cytoplasm of almost all of the MCF-7. human 
cancer cells (data not shown). Expression, of hTERT mRNA 
was detected inr56 (88%) of the 64 breast cancers and in none 
of the pbyllodes tumors of the breast (Table J) wiih the anii- 
. sense probe, whereas no expression was de tec led wiih the anti- 
sense probe treated wiih RNase (data not shown). The levels of 
expression were heterogeneous within the carcinomatous 
regions. Strong expression of hTERT mRNA was not confined 
to the carcinomatous regions but was also detected in 
infiltrating lymphocytes (Fie. 2a and b). Higher expression 
levels of both signals of hTERT rnRNA were detected in 
some sections containing both carcinomas and lymphocytes, 
compared wiih the adjacent non-cancerous mammary g!and, 
but no clear differences in signal intensity were observed 
between carcinomas and lymphocytes. The signals in both 
the normal and cancer tissues were mainly present in the 
lymphocyics, and rhe signal intensity was similar in both, 
although a precise quantitative comparison of the in situ signals 
was impossible. 



]HC revealed that hTERT protein was strongly expressed 
in the nuclei, nuclear membrane and cytoplasm of almost all 
of the MCF-7 human cancer cells (data m>i shown). Expression 
of hTERT protein was delected in 52 (81%) of the 64 breast 
cancers and in none of the phyllode tumors of the breast 
(Table II). The levels of expression were heterogeneous within 
the carcinomatous regions. As shown in Fig. 2c; strong 
expression of hTERT protein was observed in nuclei, nuclear 
membrane and cytoplasm, similar to the pattern in MCF-7 
human cancer cells. Normal mammary gland and stromal 
cells generally showed negative immunoreactivity against 
hTERT protein antibody. 

A nuclear signal for the ER (Ftg. 2d), as assessed by 1HC. 
was observed in 36 (56%) of the 64 breast cancers and in 
none of the phyllode tumors of the breast, with positive 
scores ranging from 2 to 8 (Tables 1 and H). A nuclear signal 
for the PR (Fig. 2e). as assessed by IHC. was observed in 38 
(599fc) of the 64 breast cancers and in none of the phyllode 
rumors of the breast, wiih positive scores ranging from 2 to 8 
(Tables I and 11). 

We used ISH and IMC to examine hTERT expression 
in 4 cases of bieoM cancer before and after nco- adjuvant 



Tabic U. Relationships between mRNA status (negative/ 
positive) by IHC and standard clinical, pathological, and 
biological factors in the 66 tumors. 



Table UK Relationship of hTERT mRNA and protein 
expression before and after neoadjuvant chemotherapy. 



Total 



Total 

Age 
<50 
>50 

Hisiopathological . 

iype 

Scirrhous 

Papillorubular 

Solid tubular 

Mucinous 

Non-invasive 

Phyllodes 

Tumor size (cm)* 
Tl (<2.0> 
T2 (2.0-5.0) 
T3 (>5.0) 

Ly mph node status* 
pNO 
pNJ 

P N2+pNM 
Relapse 



ER expression 

- <<2) 

PR expression 
+ <*2) 

- «2) 



No- of patients {%) . 

hTERT 
positive 



hTERT 
negative 



66 14(212) 52(78.8) 



26 10(383) 16 (6U) 
40 4(10.0) 36(90.0) 



32 


2 (6.4) 


30 (93.6) 


20 


4 (20.0) 


16(80.0) 


6 


: 4 (66 J) 


2(333) 


2 


0 (0) 


2 (100) 


4 . 


2 (50.0) 


2(50.0) 


2 


2 (100) 


0 (0) 


20 


4 (20.0) 


16(80.0) 


34 


6(17.6) 


28(82.4) 


10 


2 (20.0) 


8 (8(h0) 


34 


6(17.6) 


28 (82!4) 


26 


6(23.1) 


20 (76.9) 


4 


0 (0) 


4 (100) 


10 


1 (10.0) 


9(90.0) 


56 


13(232) 


43 (79.6) 


42 


6(143) 


36(85.7) 


24 


8 (333) 


16(66.7) 


42 


. 6(143) 


36 (85.7) 


24 


8(333) 


16(66.7) 



p-value* 



NS 



NS 



NS 



NS 



NS 



NS 



NS 



■ test. NS. not significant. b lnformoiion available for 64 patterns. 



chemotherapy. Before chemotherapy , all 4 of the breast 
carcinomas stiongly expressed hTERT by both ISH and 
1HC After chemotheiapy. hTERT expression completely 
disappeared in all 4 cases (Table 111). hTERT expression by 
lymphocytes was detectable by ISH and 1HC both before and 
after chemotherapy in all 4 cases, ond the level of expression 
did not appear to be altered by treatment. 

No correlation was observed between hTERT mRNA 
expression and any of the clinUopathologicai parameters 
age. hisiopaihologicaJ type, tumor < t 7e. lymph node status. 



Case 


Age 


Neoadjuvant . 


hTERT mRNA hTERT protein 


Before After 


Before After 




80 


Anastrozole 




+ 


2 


78 


AnastrozoJe 


+ 


+ 


3 


35\ 


FEO 


+ 


+ 


4 


37 


AO 







"FEC. 5FU (500 mg/rrrj, EpirubKin { /v m^m ;. W u^iH»r- 

(500 rog/m J ). b AC, Doxorubicin (60 mg/nr 7 ). Cyclophosphamide 
(500 mgW). Before, before neoadjuvant chemotherapy. After, 
after neoadjuvant chemotherapy. -K positive; -.negative. 



relapses, and ibe expression of ER and PR, Similarly, there 
was no correlation between hTERT protein expression and 
any of these clinicopathological parameters. There was a 
correlation between hTERT mRNA expression arid hTERT 
protein expression in breast cancers (p<0.005). 

Discussion 

This study reports a comparison of hTERT mRNA expression 
by ISH and hTERT protein expression by 1HC in tissue 
sections from breast tumors. hTERT mRNA was delected 
by ISH in 56 of the 64 breast cancers and in MCF-7 human 
breast cancer cells. Breast cancer cell nuclei stained strongly 
positive with the specific anti-sense probe but not with the 
anti-sense probe treated with RNase (data not shown). Tissue 
lymphocytes also stained positively with the anti-sense probe, 
but the stromal cells did not. Expression of hTERT protein 
was observed by IHC in 52 of the 64 breast cancers. hTERT 
mRNA and protein expressions were highly correlated in 
breast cancers <p<0.005). Detection of the hTERT protern by 
IHC has permitted further analysis of caicinogenesis and 
cancer diagnosis (34). 

In recent years, there has been disagreement over the 
suitability of telomerase activity as a prognostic biologic 
marker in breast cancer that may help to differentiate patients 
for individually based risk-related therapy. Hiyama tt at (15), 
in a study of 140 breasi cancer specimens with the TRAP 
assay .found a strong association between telomerase activity 
and stage classification and observed telomerase activity 
in 68% of stage 1 tumors and 95% of stage IV tumors. 
PorembD et at ( I ). using tissue microarrays, found a statistically 
significant correlation between rumor-specific survival (overall 
survival) and hTERT expression in breast cancer/However, 
some problems in interpretation may affect this apparent 
consensus, first, some samples of breast cancer tissue may 
be extensively contaminated by infiltrating lymphocytes 
during operative manipulations, especially in advanced disease, 
rousing overestimate of telomerase activity and/or hTERT 
expression. In our previous rcpons. higher expression levels 



of signals for both hTERT mRNA and protein were detected 
in some sections containing both carcinoma and lymphocytes 
in thyroid and colorectal cancers (13,24). Secondly, Poremba 
et used polyclonal antibodies against bTERT protein as 
a signal for expression. In our bands, polyclonal antibodies 
against bTERT protein give rise to strong background signals 
and axe not clearly specific for measuring expression in cancer 
tissues. We have carefully compared the reactivity against 
hTERT protein of the monoclonal antibody used in the 
present study with that of some polyclonal antibodies. Use of 
the monoclonal antibody in IHC allowed clear demonstration 
of hTERT protein expression, with results similar to those 
of ]SH for hTERT mRNA expression. Furthermore, IHC is 
technically much easier to perform than 1SH, since con- 
tamination of samples by RNase is not an issue in IHC. 

To the best of our knowledge, this report is the first on the 
study of bTERT expression in breast cancer as a function of 
neoadjuvant treatment. We examined hTERT expression 
in 4 cases of breast cancer before and after chemotherapy. 
Before chemotherapy, hTERT was strongly expressed in 
all 4 carcinomas, but after chemotherapy hTERT expression 
had completely disappeared in all 4 cases, hTERT expression 
by. lymphocytes was detectable by 1SH and THC both before 
and after chemotherapy in all 4 cases, and the level of 
expression did not appear to be altered by treatment. 

In conclusion, determination of hTERT mRNA expression 
by 1SH and hTERT protein expression by IHC can be used to 
obtain information contribuiirig to a histopathological diagnosis 
during screening of breast cancers. By use of a monoclonal 
antibody, we could very clearly and sensitively demonstrate 
hTERT protein expression in breast cancer tissues but not in 
non-cancerous tissues. We also demonstrated that A carcinomas 
wiih originally positive imrnunoreaclivity against hTERT 
protein became negative after neoadjuvant chemotherapy. 
These results suggest that determination of hTERT protein 
by 1CH can be used as a potential diagnostic and therapeutic 
marker to distinguish breast cancers. 
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Expression of the ubiquitm-protcasome pathway and muscle loss in 
experimental cancer cachexia. 



KkMJ, Wyke_SM, RujseljSX Hine AV. Tisdale MJ 

Pharmaceutical Sciences Research Institute, Aston University, Birmingham, UK. 

Muscle protein degradation is thought to play a major role in muscle atrophy in cancer 
cachexm. To ungate the importance of the ubiquitin-proteasome pathway whS has 
been suggested to be the main degradative pathway mediating progressive protdn bssfn 
cachexia, the expression of mRNA for proteasome subunits C2 anf C5 as wTas the 

ptsrrxr t en r e * E2 , Hk) ' has been de,emined in ^^ir 

oT^lT SdeSOfm, ^ b ^ n e^MACI6 adenocarcinoma, using competitive 
fluantitahve reverse transenptase polymerase chain reaction. Protein levels of nroteasome 

s ^i^ (1 v were detennined by — ***** to «■« chai^rsr 

were reflected m changes m prote.n expression. Muscle weights correlated I linearlv wito 
weight loss dunng the course of the study. There was a good^orrelation beS 

inc^o^^^^^ 

fnZ^. ° f 6 f f0ld f0r 02 31,(1 two ' fold f ° r E2(14k) between 12 and 20% weight loss 
followed by a decrease m expression at weight losses of 25-27%, although loss ff muscle 

SSSIT Tf • * T*"** eXPreSSi0 " ° f 05 mRNA "--^ two-Sd and wat 
t^S^f fosses between 7.5 and 27%: Both proteasome functioZ 
activity and proteasome-spec.fic tyrosine release as a measure of total protein 
Ration was also maximal at 1 8-20% weight loss and decreased at higher weight loss 

m„^£ . ( ? } mRNA 0nly bemg Seen at ,osses a bove 1 7%, although 

ZSSaSS^ with 'leasing weight .oss. These resul'ts suggS 

that activation of the ubiqu.tm-proteasome pathway plays a major role in protein loss in 

TZZT ' ? t0 2 ° % W6ight l ° SS ' bUt 0131 0,her fact0 * su <* " s depress on in . 
protein synthes.s may play a more important role at higher weight loss. 

PMJD: 16160695 [PubMed - in process] 
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Increased expression of proteasome subunits in skeletal muscle of cancer 
patients with weight loss. 

Khali, HineAV, FearonKC, DcjionaCH, Tisdale MJ 

Pharmaceutical Sciences Research Institute, Aston University, Birmingham B4 7ET, UK. 

™25 ° f S ? ' etal T $dC is C ° nuh0n in P atients with and results in increased 
morb.d.ty and mortahty. !n order to design effective therapy the mechanism ^SS 

» otZ2 ^ l ° ^ e ' UCidat ^ M ° St StUdiCS SUggCSt that the ubiquih„- pro t^ome 
proteolytic pathway is most important it. intracellular proteolysis, although there have 
been no reports on the activity of this pathway in patients wifc difla^SS^oM 
tajLta th,s report the expression of the ubiquitin-proteasome pathway h ^ ^ 
abdominis muscle has been determined in cancer patients with weight loss of 0-34% 
usmg a compent, ve reverse transcriptase polymerase chain reaction to measure 
expression of mRNA for proteasome subunite C2 and C5, while protein expression has 
been determined by western blotting. Overall, both C2 and C5 gene expreEn Z 

we.gnt-ioss 14.5+/-2.5%), compared with that in patients without weight loss with or 
without cancer. The level of gene expression was dependent on the arnouSweth 

nLl/ u ' ncrea , s f s m we «ht loss redu «*3 expression of mRNA for both 

^ ^ a ' th0Ugh ; t ^ Sti " deVated in COm P aris °" wi * P^^ with no 
r, "° CVldenCe f ° r m inCrease ^expression at weight losses less 

than 10% There was a good correlation between expression of proteasome 20SdDha 

: 2~^ 1 ll7 tt,Il biotti T and c2 md cs mRNA - 

gene express.on resulted m increased protein synthesis. Expression of the ubiquitin 
con u gating _ E2(14k)> with ^ fonowed P £ J J» 

proteasome subun.ts These results suggest variations in the expression of key 
components of the ub.quitin-proteasome pathway with weight loss of cancer patients and 
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CeU type-specific occurrence of caveolin-lalpha and -lbeta in the lung 
caused by expression of distinct mRNAs. 

Kggojj Aiba T, Fujimoto T . 

Department of Anatomy and Molecular Cell Biology, Nagoya University Graduate 
School of Medicine, Showa-ku, Nagoya 466-8550, Japan, hkogo@fujita-hu.ac.jp 

Two isoforms of caveolin-1, alpha and beta, had been thought to be generated by 
alternate translation initiation of an mRNA (FL mRNA), but we showed previously that 
a vanant mRNA (5'V mRNA) encodes the beta isoform specifically. In the present study 
we demonstrated strong correlation between the expression of the caveolin- 1 protein 
isoforms and mRNA variants in culture cells and the developing mouse lung. The alpha 
isoform protein and FL mRNA were expressed constantly during the lung development 
whereas expression of the beta isoform protein and 5'V mRNA was negligible in the fetal 
lung before 17.5 days post coitum, and markedly increased simultaneously at 18 5 days 
post coitum, when the alveolar type I cells started to differentiate. Immunohistochemical 
analysis revealed the cell type-specific expression of the two isoforms; the alveolar type I 
cell expresses the beta isoform predominantly, while the endothelium harbors the alpha 
isofqnm ch.efly. The mutually exclusive expression of caveolin-l isoforms was verified 
by^Wes tern blotting of the selective plasma membrane preparation obtained from the 
endothelial and alveolar epithelial cells. The present result indicates that the two 
caveolin- 1 isoforms are generated from distinct mRNAs in vivo and that their production 
is regulated independently at the transcriptional level. The result also suggests (hat the 
alpha and beta isoforms of caveolin-1 may have unique physiological functions. 

PMID: 15067006 [PubMed - indexed for MEDLINE] 
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Oncogene and growth factor expression in ovarian cancer. 

KommossF , BauknechtT, Birmclin G . KohlerM . f esch ft . Pflcidcrer A . 

Department of Gynaecology, Albertiudwig University, Freiburg, Germany. 

The varying tumor-biological behavior of ovarian carcinomas probably influences both 
ttieir operab.hty and response to chemotherapy, which are the most relevant prognostic 
factors. The phenotype of different ovarian carcinomas is obviously associated with an 

ST fp^ I n G ^ F ; aipha SignaI Pathway ' *«*«K^ W and c-jun expression. 
Analysts of EGF-R, TGF-alpha, c-myc and c-jun expression in 33 stage 1,1/IV, and 2 
stage I/IIovanan carcinomas with biochemical, molecular-chemical and 
immunohistochemical methods showed a correlation between the mRNA and protein 
evels of EGF-R and TGF-alpha for tumors with low or high expressing rates. However 
the concentration of measurable free EGF-Rs seems to depend on the amount of TGF- ' 
alpha expression by the tumors. The EGF-R binding ligand TGF-alpha is produced by 
epithelial tumor cells; stromal cells are usually TGF-alpha-negative, as shown by 
immunohistochemistry. High expression rates of EGF-R. TGF-alpha and c-myc were 
detected in 6, 7, and lO.out of 35 ovarian carcinomas, respectively. C-jun mRNA was 
detected ,n 18/19 cases studied. Non-malignant tissues originating from myometrium or 
ovary expressed no (or only small amounts of) EGF-R or TGF-alpha mRNA, whereas a 
high c-myc expression was found in 1/7 normal myometria, and in 2/5 normal ovaries, 
there was no strong correlation between EGF-R/TGF-alpha and c-myc/c-iun 
expression.(ABSTRACT TRUNCATED AT 250 WORDS) 

PMID: 1502888 [PubMed - indexed for MEDLINE] 
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Somatostatin receptors in primary human breast cancer: quantitative 
analysis of mJRNA for subtypes 1-5 and correlation with receptor protein 
expression and tumor pathology. 

KtnnarU, GngorakisSj, WattHL, SasjR, SnejjL, Watson P , Chaudhari S . 

Fraser Laboratories For Diabetes Research, Department of Medicine, McGill University 
Royal Victona Hospital, 687 Pine Avenue West, H3A IA1 Montreal, Quebec Canada 
ujendra.lcumar@muhc.mcgi!l.ca 

Somatostatin receptors (SSTRs) have been identified in most hormone-producing tumors 
as well as in breast cancer. In the present study, we determined SSTR1-5 expression in 
primary ductal NOS breast tumors through semi-quantitative RT-PCR and 
immune-cytochemistry. The results from the analysis of 98 samples were correlated with 
several key histological markers and receptor expression. All five SSTR subtypes are 
variably expressed at the mRNA level in breast tumors with 91% of samples showing 
SSTR1 , 98% SSTR2, 96% SSTR3, 76% SSTR4, and 54% SSTRS. SSTR1-5 are 
localized to both tumor cells and the surrounding peritumoral regions as detected by 
immunocytochemistry. Levels of SSTR mRNA when corrected for beta-actin levels 
were h.ghest for SSTR3 followed by SSTRl, SSTR2, SSTRS, and SSTR4. Furthermore 
there was good correlation between mRNA and protein expression with 84% for SSTRl' 
79% for SSTR2, 89% for SSTR3, 68% for SSTR4, 68% for SSTRS, and 78% for all five' 
receptors. SSTRl, 2 and 4 were correlated with ER levels whereas SSTR2 showed an 
additional correlation with PR levels. These correlations were independent of patient age 
and histological grade. Moreover, using immunocytochemistry, blood vessels exhibited 
receptor-specfic localization for SSTR2 and SSTR5. Our results indicate significant 
correlations between mRNA and protein expression along with receptor-specific 
correlates with histological markers as well as ER and PR levels. Differential 
distribution of SSTR subtypes in tumors and receptor-specific expression in vascular 
structures may be considered as a novel diagnosis for breast tumors with receptor subtype 
agonists. }r 
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A transcriptomic and proteomic analysis of the effect of CpG-ODN on human 
THP-1 monocytic leukemia cells. 

MCC, KmoCW, Ljang CM, Liang SM. 

Institute of Bio Agricultural Sciences, Academia Sinica, Taipei, Taiwan. 

The CpG motif of.bacterial DNA (CpG-DNA) is a potent immunqstimulating agent whose- 
mechanism of action is not yet clear. Here, we used both DNA microarray and proteomic 
approaches to investigate the effects of oligodeoxynucleotides containing the CpG motif (CpG- 
ODN) on gene transcription and protein expression profiles of CpG-ODN responsive THP-I cells 
: M,croarray amdysis revealed that 2 h stimulation with CpG-ODN up-regulated 50 genes and 
down-regulated five genes. These genes were identified as being associated with inffammation 
anhmicrobial defense transcriptional regulation, signal transduction, tumor progression, cell ' 
differentiation, proteolysis and metabolism. Longer stimulation (8 h) with CpG-ODN enhanced 
transcriptional expression of 58 genes. Among these 58 genes, none except one, namely WNTI 
inducible s.gnahng pathway protein 2, was the same as those induced after 2 h stimulation 
Proteomic analysis by two-dimensional gel electrophoresis, followed by mass spectrometry 
identified several proteins up-regulated by CpG-ODN. These proteins included heat shock 
proteins, modulators of inflammation, metabolic proteins and energy pathway proteins 
Comparison of microarray and proteomic expression profiles showed poor correlation Use of 
more reliable and sensitive analyses, such as reverse transcriptase polymerase chain reaction 

nwlr- fimc 1 t,onal f sa y s > on seve ™' g^es and proteins, nonetheless, confirmed that 

there is indeed good correlation between mRNA and protein expression after CpG-ODN 
treatment. This study also revealed that several anti-apoptotic and neuroprotective related 
proteins, not prev.ously reported, are activated by CpG-DNA. these findings have extended our 
feowledge on the activatmn of cells by CpG-DNA and may contribute to further understanding of 
mechanisms that link innate immunity with acquired immune response(s). 

PMID: 15693060 [PubMed - indexed for MEDLINE] 
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A transcriptomic and proteomic analysis of the effect of 
CpG-ODN on human THP-1 monocytic leukemia cells 
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1 Introduction 

Mammals protect themselves against pathogen infection pri- 
manJy via innate and adaptive immunity The innate 
immune system relies on a set of pattern recognition receptors 
{e.g.. Toll-like receptors) to recognize foreign rnoJecnlai struc- 
hires such as hporwlysaccharide (LPS) and bacteria] DNA |2. 3). 
Innate immune cells recognize these molecular structures and 
initiate not only innate but also adaptive immunity by produc- 
ing immunomodulatory cytokines and activating T and B 
immune cells | ]]. Bacterial DNA can directly activate B cells to 
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proliferate and secrete immunoglobulins in a Tcell-independ- 
enl manner [4-6J. It also induces B cells and monocytes to 
activate transcription factor NF-kB and secrete cytokines, 
including interleukin (1L) 12, tumor necrosis factor a (TNF-a), 
and interferon ct/p (7-10J. The immunostimulatory activity of 
bacterial DNA has been assigned to unmethylated CpG motifs 
(GACGTTfor murine, GTCGTT for human) [11 J. Recent evi- 
dence shews that synthetic oligodeoxynucleotides containing a 
CpG motif (CpG-ODN), like bacterial DNA with the CpG moi- 
ety {CpG-DNA), induce potent Thl-like immune responses 
that are protective against several infectious agents and 
immune disorders in animal models [1 2, 1 3]L Biologically active 
CpG-ODN, like bacteria DNA, activates 'macrophages and 
immature dendritic cells to increase expression of MHC class 
H and costimulatory molecules, thereby transcribing cytokine 
mRNAs, and producing pro-inflarnrnatory cytokines including 
TNFaJU, 1L-6 and 1L-12 |9, 14-16]. CpG-ODN can therefore 
serve as an adjuvant and irnmunomodulatbr in vaccines 
against a wide variety of targets, including infectious agents, 
cancer antigens and allergens |17J. 

It has been suggested that unmethylated CpG-DNA-medi- 
ated immune activation functions through a toll-like Teceptor 9 
(TLR9) signaling pathway |i8J. Endocytosis and sequentially 
endosomal maturation as well as binding of heat shock protein 
(HSP) 90 to CpG-DNA are essential for induction of TLR9 sig- 
nal transduction |19, 20]. It has also been shown that recogni- 
tion of CpC-DNA causes TLR to form a dirtier, which recruits 
the adaptor molecule, myeloid differentiation factor 88 
(MyD88), through interaction between their C-terminal ToD/]JL- 
1 R domains. This recruitment of MyD88 to the Toll/lL-lR do- 
main of TLR 9 initiates a signaling pathway that sequentially 
involves lLTR-associated kinase 1 and TNF-a receptor-asso- 
ciated factor 6 (18, 23, 22]. Studies using gene-deficient mice 
and RAW264.7 cells transiently transfected with dominant- 
negative forms of these molecules have indicated that the 
MyD88-medialed signaling pathway is essential for CpG-DNA- 
induced activation of NF-kB and c-Jun NH r tenrunaJ kinase 
(]NK), as well as subsequent production of cytokines in mono- 
cytic cells |18, 21 , 22). The precise mechanism of action of CpG- 
DNA and CpG-ODN, nonetheless, is still not thoroughly 
understood. To further elucidate the molecular events after 
bmding of CpG-ODN to T1R9, in this study, we treated CpG- 
ODN responsive THP-1 cells with CpG-ODN and evaluated 
changes by using DNA microarray and proteomic approaches. 
We have discovered up-regulation of more than 50 disting- 
uished genes/proteins and identified induction of several anti- 
apoptotic and new oprotecting genes by CpG-ODN treatment. 

2 Materials and methods 
2.1 Reagents 

Phosphorothioate-modified CpG-ODN and GpC-ODN were 
synthesized by MDBio (Taipei, Taiwan). Human specific 
ODN sequences aie: CpG-ODN, 5' TCG TCG ITT TGT CGT 
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TTT GTC GTT-3Y GpC-ODN, 5' TGC TGC TO TGT GCT 
TIT GTG CTT-3'. The mouse specific CpG-ODN sequence is 
5'TCC ATG ACG TTC CTG ATG CT-3\ CHCA was from 
Sigma (St Louis, MO, USA). 

2.2 Cell culture 

Cell lines were obtained from the American Type Culture 
Collection (Rockville, MD). Mouse RAW264.7 macrophage 
and human embryonic kidney 293 cells (HEK293) were cul- 
tured in DM EM- supplemented with 10% heat inactivated 
fetal bovine serum, 100 V/mt penidDin, 100 ug/mL strep- 
tomycin sulfate, 2Q0mmol/L I-glutarnine, and 50 um p-mer- 
captoethanol in a humidified atmosphere of 5% C0 2 at 37°C 
The medium was changed every 2 days for all experiments. 
Human THP-1 monocytic leukemia cells, which have been 
shown, to express TLR9 and respond to CpG-DN A stimula- 
tion [23, 24]> were cultured in RPM 11640 with the same sup- 
plements as for RAW264.7 cell cultures. 



Total RNAs extracted from cultured THP-1 ceDs were isolated 
with TRIzol (lnvitrogen, Leek, The Netherlands) and submitted 
to Genasia Biotechnology (Taipei, Taiwan) for further proces- 
sing. In brief, 4 ug of total RNA from CpG-ODN stimulated, or 
normal THP-1 ceDs was labeled with a fluorescence marker 
(U-vision, (Taipei, Taiwan)). Different colored fluorescence dyes 
(Cy5 and Cy3) were used to distinguish total RNA from normal 
and ODN stimulated cells. The labeled RNA was used for 
hybridization with the Human 1 cDNA microchip from Agilent 
Technologies (Palo Alto, CA, USA).The chips were scanned and 
the expression partem was analyzed using genechip software. 
Genes showing up-regulation or down- regulation of RNA levels 
were analyzed and identified on a genomic database as sug- 
gested by the manufacturer of the microchip. 

2.4 Protein preparation 

THP-1 cells were seeded in a 1 75 cm 2 tissue culture flask at a 
density of 10 6 cells per milliliter in culture medium. The cells 
were stimulated with or without 1.5 um CpG-ODN at defined 
times and harvested by centrifugation at 4°C, 1000 x g for 
I5min. Cell pellets were washed twice with ice-cold PBS, 
rcsuspended and sonicated in extraction buffer containing 
25 mM Tris-HO (pH 7.5), 2 now 0-merc apt oe than ol and pro- 
tease inhibitor cocktail. After centrifugatjon at 10 000 x gfor 
20min, ammonium sail fate was added to the supernatant until 
the final concentration reached 50% saturation w/v. The solu- 
tion was stirred at 4°C for 30 min and centrifuged at 10000 X o 
for 30min at 4°C. The supernatant fraction was then trans- 
fen ed into a fresh rube, and the precipitated protein pellet 
soIubiJized in extraction buffer. To remove salts and other con- 
taminants, the extracts were trealed with a pre-cooled ( — 20*C) 
solution of 30% TCA in acetone with 0.07% 0-mercaptoetha- 
noJ. Proteins were allowed to precipitate overnight 3t -20X. 
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After centrifugation, the pellet was washed with ice-cold ace- 
tone, containing 0.07% P-mercaptoethanol. The supernatant 
was discarded and the pellet dried m a SpeedVac system (Model 
AES1010; Savant, Holbrook, NY, USA). 

2.5 2-DE 

2-DE was performed using an IPGphore IEF and a Hofer 
DA IT vertical unit (Amersham Biosciences, Piscatawayi NJ, 
USA). One milligram of dried protein sample was dissolved 
in 350 |jL of rehydration buffer solution, containing 7 M urea, 
2 m thiourea, 4% w/v CHAPS, 5 mu tributyj phcsphine, and 
2% IPG and loaded onto an immobilized pH 3-10 linear 
gradient strip (18cm), followed by rehydration for 16h. IEF 
was then performed in the following manner. 100 V for 
30min. 250 V for 30min, 500 V for 30min, 1000 V for ~ 
30 min, 4000 V for 30 min, 6000 V for 55 000 Vh. At the end 
of IEF, the IPG strips were equilibrated for 15 min in buffer 
containing 6 m urea, 2% w/v SPS, 30%v/v glycerol, and 
50 mM Tris, pH 6.8, then reduced with 65 mM dithiorery- 
thritol (DTE) and subsequently alkylated with 135mM 
iodoacetamide for another 15 min. After equilibration, the 
IPG strips were immediately placed on top of a 12% SDS^ 
PAGE (1.5 mm,. 20 x24 cm). The second dimension gels 
were then overlaid with molten 0.8% agarose solution in 
SDS electrophoresis buffer Electrophoresis was performed 
at 16°C, starting at 10 mA per gel for 1 h, followed by 45 mA 
per gel until the dye front reached the bottom of the gels. 

2.6 Staining and image acquisition 

Immediately after electrophoresis, gels were stained with 
SYPRO Ruby (Molecular Probes. Eugene, OR, USA). In 
brief, gels were fixed for 30rnm in 10% methanol, 7% acetic 
acid, and then stained overnight in SYPRO Ruby stain. The 
staining solution was removed and gels were washed in 1 0% 
methanol and 7% acetic add for 3h. After staining, image 
acquisition was carried out on a Typhoon 9200 (Amersham 
Biosciences). To identify a protein, spot detection, quantifi- 
cation and matching of 2-D results were analyzed using 
ImageMaster software (Amersham Biosciences). The JW, of 
the proteins were calibrated according lo the LMW-SDS 
Maikei Kit (Amersham Biosciences), and their pj values 
were estimated from the position of the protein spots on the 
2-D gel and confirmed with the information supplied by the 
manufacturer. Since most of the pi values for the truncated 
proteins had not been reported previously the p/ values of 
the truncated proteins were estimated from the position of 
the observed spots. To omit the variation due to the use of 
separate gels, after background subtraction, the intensity 
levels of piotein spots on each gel weie normalized as a pro- 
portion of one reference spot, and piotein quantities were 
calculated by integrating the density over the spot area. Pro 
tein spots drat showed reproducible modulation exceeding 
-80% after CpC-ODN treatment in three experiments were 
further analyzed by MS. 



2.7 !n-gej digestion with trypsin arid extraction of 
peptides 

Protein spots were excised from stained gels and cut into 
pieces. In brief, gel spots were dehydrated with ACN for 
10 min and dried in a vacuum centrifuge. Gel pieces were 
resweDed with 55 imj DTE in 25 mw ammonium bicarbon- 
ate (pH 8.5) at 37°C for 1 h. The solution was then exchanged 
with alleviation solution, which contained lOOrriM iodoaceta- 
mide in 25 mM ammonium bicarbonate (pH 8.5), at room 
temperature for lh. After- alleviation, the. gel pieces were 
washed twice with 50% ACN in 25 dim ammonium bicarbo- 
nate (pH 8.5) for 15 min. The wash solution was discarded 
and the pieces of gel were dehydrated with ACN for lOmin 
and dried in a vacuum centrifuge. Tryptic digestion was 
initiated by reswellmg the gel in 25mM ammonium bicar- 
bonate solution with 25 ng of trypsin (Promega. Madison, 
WI, USA). After incubation at 37°C for 16h, tryptic peptides 
were extracted twice with 50% ACN containing 5% formic 
acid for 15 min with moderate sonication. The extracted 
solutions were pooled and evaporated to dryness in a vacuum 
centrifuge. The dried peptide mixture was dissolved in 0.1% 
formic acid and used for MS. 

2.8 MALDJ-Q-TOF MS and protein identification 

Tryptic peptides analyses were performed using a Micromass 
Q-TOF Ultima MALDI (Micromass, Wytherishawe, U.K.) 
equipped with a 337 nm nitrogen laser and operated in 
reflectron positive ion mode. Peptide mixtures (1 uL) were 
premixed with 1 pL of the matrix (5mg CHCA in 50% ACN 
with 0.1% TFA) then spotted onto the MALDI target plate. 
Mass spectra were acquired for the mass range of 900- 
3500 Da and the individual spectra from MALDI MS or MS/ 
MS were processed using the Micromass Mass Lynx 4.0 soft- 
ware. The generated peak list files were used to query the 
Swiss-Prot database using the MASCOT program (http:// 
www.matrix5cience.com) with the following parameters: 
peptide mass tolerance. 50ppm; MS/MS ion mass tolerance, 
0.25 Da; allowance of missed cleavage, 1; and consideration 
for variable modifications such as oxidation of methionine 
and ca/boxyamidomethylation of cysteines. Only significant 
hits as defined by MASCOT probability analysis were con- 
sidered initially. In addition, when the PMF matches were 
between 5 and 9, at least one peptide sequence was manually 
checked by MALDI MS/MS analysis. 

2.9 RT-PCR analysis 

cDNA from THP-1 cells was produced with Superscript II 
reverse transcriptase (lnvitrogen) using a oIigo(dT) )5 primeT 
for 1 h at 42°C PCR of cDNA was performed using specific 
primers for the gene of interest and control P-actin. All PCP 
products were electrophoresed on a 1.5% agarose gel, and 
DNA bands were visualized by staining the gel with ethi- 
drum bromide. 
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3 Results 



Human THP-1 or mouse macrophage RAW264.7 cells . 
(5 x 3 x lO^/weD) were cultured in a six-well culture 
plate and treated with or without 1.5 pM CpG-ODN for 
the . designated times. After stimulation, cells were harvest- 
ed by centrifugation at 1000 x g for 15 mm in a refri-. 
gerated centrifuge and washed twice with cold PBS buffer. 
The, cells were rysed on ice for 15rnin with. 300 uL lysis 
buffer (Pierce, Rockford, USA), supplemented with pro- 
tease inhibitor cocktail (Sigma). The lysates were cen- 
trifuged at 12000 x g for 15min at 4°G and protein 
concentrations of supernatant were determined using the 
Bio-Rad Protein Assay (Hercules, CA; USA). The lysates 
(50 ug of protein/lane) were subjected to 12% SDS-PAGE 
and transferred to NC membranes (Amexsharn Bio- 
sciences). The membranes were blocked in PBS-0.1% 
Tween 20 (PBST) containing 5% non-fat skim milk at 
room temperature for 1 b, followed by staining with anti- 
ADP-ribosylation factor 3 (ARF-3) monoclonal antibody. 
(0.1 Hg/niL; Sigma). The membranes were then incubated 
with horseradish peroxjdase-corrjugated secondary anti- 
body (dilution, 1:3000) for Ih. After washing three times 
with PBSX specific bands were detected by chemilumi- 
nescence according to the manufacturer's protocol 
(Amersbarn Biosciences). . . - 

2.11 Cell transfection and I uc if erase assay 

HEK293 cells (5 x 3 x ] Orwell) were transfected using 
FuGENE 6 (Roche Molecular Biochernicals, Indianapolis, 
IN, USA) plus 0.1 ug p5xNF-xB-luc (Stratagene, La Jolla, CA, 
USA), 0.05 ug pCDNA3.1 -p-gaiactosidase, and pCDNA3.1- 
hTLR9 overnight The cells were incubated with or without 
1.5 um CpG-ODN for 8h and then lysed. NF-kB luciferase 
activity assays were performed as recommended by the 
manufacturer (Promega). fi-galactosidase activity was used to 
normalize the data. 

2.12 Enzyme activity assay 

Pyruvate kinase activity was assayed in a solution (1 nil) 
containing lOOmM Tris-HG (pH 8.0), 100mM KCI, lOmM 
MgCl 2 , 0.2 mM NADH, lOmM PEP, 1.5 mM ADP, 1 unit of 
lactate dehydrogenase, and an appropriate amount of cell 
lysate from CpG-ODN untreated or treated THP-1 cells. The 
reaction was monitored at 30°C for a period of time by 
measuring the decrease in absorbance at 340 rim. PGK ac- 
tivity was assayed in a coupled reaction with glyceraJdehydc 
3- phosphate dehydrogenase (GAPDH) as described by Lee 
[25]. In brief, the assay was performed at 30°C in a total vol- 
ume of 1 ml containing 100 mM Tris-HCI (pH 7.9), 10 mM 
MgCl 2 , 0.15 mM NADH, 2mM ATP, 6mM 3-phosphoglyce- 
rate, 0.1 mg/mL BSA, 50 mg of GAPDH, and an appropriate 
amount of cell lysate. NADH consumption was monitored at 
340 nm. 



3.1 Effect of CpG-ODN on gene expression profiles of 
human THP-1 cells 

To elucidate the effect of CpG-ODN on . gene expression, 
THP-1, a cell line known to express TLR9 and respond to 
CpG-DNA (23, 24) was cultured with or without CpG- 
ODN. Since preliminary erperiments showed that 1.5 um 
CpG-ODN caused more contrasting results between nor- 
mal and CpG-ODN treated cells, 1.5 um CpG-ODN was 
used throughout the experiments. To distinguish CpG- 
ODN treated samples from the control, total cellular RNA 
of normal and CpG-ODN treated cells was isolated and 
labeled with the fluorescence dyes, Cy5 and Cy3, respec- 
tively. The labeled RNA was then used for hybridization 
with a Human 1 cDNA miqochip from Agilent Technol- 
ogies. Of the 13 000 human , genes- represented on the 
gene array, a total of .55 genes changed expression sign- 
ificantly after 2 h CpG-ODN treatment Among these, 
50 genes were up-regulated while five genes were down- 
regulated by a factor > 2. These genes were sorted by 
functions and are listed in Tables 1 and 2. They included 
notably, JL-18 receptor accessory protein, MSGA beta 
gene, thioredoxin, pro-pol-dUTPase polyprotein> Spl40, 
connexin 59 gene, Grb2-like 2, en oyl- coenzyme A hydra- 
tase, propionyl coenzyme A carboxylase, cytochrome P450, 
and WNTl inducible signaling pathway protein 2 (WISP- 
2) etc. The function of these genes are known to be relat- 
ed to inflammatory responses, antimicrobial defense, 
transcriptional regulation, intracellular signal transduc- 
tion, tumor progression, cell cUfferentiation, proteolysis 
etc. 

Table 1. Genes up-regulated \> 2 fold) in human THP-1 cells after 
2 h ot CpG-ODN treatment 



Gene name and description 
{changed fold > 2) 



Genebank 
number 



Inflammation and receptor 

IL-18 receptor accessory protein AF077346 

T ceM receptor V beta gene X58806 

MGSA, beta gene U03019 

Antigen gene (PA> M21B96 

TIED NM_004791 

Platelet activating receptor AF002986 

Antimicrobial defence 

Thioredoxin NM_003329 

Pro-Pol-dUTPase polyprotein AC004748 

Nuclear body protein Spl40 U63420 

Transcriptional regulation 

Putative transcription factor LUZP AI98627 t 
General transcription factor II, I, pseudogene 1 AI700706 

Connexin 59 gene L29277 

Basic helix-loop-helix protein class B 1 AF221520 
(BHLHB1) 



© 2005 WILEY-VCH Verlag GmbH A Co. KGaA, Weinheim 



www.piotPomics-iournat.iJp 



898 



CL-CKuo etal 



Table 1. Continued 



Gene name and description 
(changed fo(d > 2) 



Genebank 
number 



. Regulatory protein 
Advillin 

Channel and transport 
Small GTP binding protein Rab9 
FXYD domain-containing ion transport 
regulator 1 

Signal transduction 

SH3-domain Grb2-like 2 
Titin 

Titin associated protein 065 kD protein) 
KIAA1451 protein 

Vasoactive intestinal peptide receptor 

Enzyme and protease 

Enoyl-Coenryme A, hydratase 

Nephrin, B-type metallocarboxypeptidose 

Proptonyl Coenzyme A carboxylase . 

Acyloxyacyl hydrolase (neutrophil) 

Cytochrome P450. 

Intestinal alkaline phosphatase 

Tumor progression and cell differentiation 
. Retinoblastoma 1 

Human genomic DNA of 9q32 anti-oncogene 

of flat Epitherium cancer, 

segment 6/10 
WNT1 inducible signaling pathway protein 2 

(W1SP-2) 

Structure protein 
Collagen, type IV, alpha 6 
Beta Myosin heavy chain 

Other 

Homo sapiens Cri-du-chat region mRNA, 

clone NIBB11 
Human mRNA for laminin alpha 5 chain, 

partial cds. 
NIK like and Thyroxin-bindrng 

globulin precursor 
Hypothetical protein DKFZp434M0331 
Hypothetical protein FLJ11021 similar * 

to splicing factor 
Hypothetical protein 
Chromosome 18 open reading frame 1 
Arfaptin 1 

Zinc finger protein 8 I2FP8) 

Zinc finger protein 137 Jclone pHZ-30) 

Olfactomedin relDtedER localized protein 

Cyclin-dependent kinase 8 

Integrin, alpha 1 

KIAA0421 protein 

K1AA1233 protein 

Unnamed protein product 

NBL4 

BC33U91_1 



AF041449 

U44103 
AI125364 



A F 036268 

X90S68 

X69089 

AB040884 

U11087 



AI800553 

U65090 

AB011145 

M62840 

U79716 

M31008 



LI 1910 
AB036268 



AF 100780 



D21337 
M58018 



U52827 

AB010099 

Z83850 

AL137720 
AK023985 

AL049851 

NM_004338 

AW408785 

M29581 

U09414 

AI738468 

BE 4 67537 

D87462 

AB007881 

AB033059 

AK026362 

X 75535 

AAD39268 
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Table 2. Genes down- regulated (> 2 fold) in human THP-i cells 
after 2 h of CpG-ODN treatment 



Gene name and description 


' Genebank 


(changed fold > 2) 


number 


Zinc-finger horneodomain protein 4 . 


BAB03600. 


Human protein kinase MEKK2b mRNA, * 


AF 239798 


complete cds. 




Glypicari 5 


U66033 


Human genomic DNA, chromosome 22qli.2,. 


AP000362 


clone N75A 12. 




Collagen, type 1, alpha 1 


Z74615 



Longer stimulation of THP-1 cells with CpQODN (8h) 
resulted in the up-iegulation of 58 genes. These genes in- 
cluded notably IL-10 receptor beta, formyi peptide receptor- 
like 1 (FPRL1), vitamin D receptor, nuclear receptor sub- 
family 1 (UR), early B-cell factor, protein kinase C gamma 
(PKCJ, Nek, Ash, phospholipase C binding protein (NAP4), 
phosphoriboxyl pyrophosphate amidotransferase, dishev- 
eled 3, W1SP-2 etc Analysis of the functions of the 58 up- 
regulated genes showed that they are associated with anti- 
inflammation, transcriptional regulation, intracellular signal 
transduction, tumor progression, cell differentiation, pro- 
teolysis, neurodegeneration, neuroprotection etc. (Table 3). 
We also found that the stimulation of THP-1 cells with CpG- 
ODN for different periods of times resulted in different pro- 
files. Several defense related genes such as IL-18 receptor 
accessory, protein. Pio-Pol-dUTPase polyprotein, Spl4Q and 
connexin 59 were transiently up-regulated at 2h short stim- 

Table 3. Genes up-regulated i> 2 fold) in human THP-1 cells after 
8 h of CpG-ODN treatment 



Gene name and description 
(changed fold > 2) 



Genebank 
number 



Inflammation and receptor 

IL-10 receptor (beta) - U08388 

Formyi peptide receptor-like 1 (FPRL1) AF081535 

Vitamin D receptor J03258 

NMDARl Z32774 

CD44 antigen AW028346 

Nuclear receptor subfamily 1 (LxR) NM_005693 

Neuromedin B receptor M73482 

Transcriptional regulation 

Early B-cell factor tebl) AF208502 

Neurogenic differentiation 1 (Neuro D) AB018693 

MAX dimerization protein (NESH protein) AB037886 

Ribosomal protein S6 kinase AF090421 

ASH2L AB022785 

Regulatory protein 

Hypothetical protein DKF2p434H0820 AL 137555 

Peroxisomal farnesylnted protein X75535 

LTBp 4 AF051344 

Neuronal pentroxin II U29195 
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Table 3. Continued 



Gene name and description 
(changed fold > 2) 



Table 4. List of antimicrobial and anti-inflammatory gents 
modulated by CpG-ODN treatment of THP- 1 cells 



Gene bank 
number 



Channel and transport 

Gamma-aminobutyric [61] A receptor NM_004961 

ATP synthase subunit F6 M37104 

Transient receptor potential channel 1 Z73903 

Choroidererma (Rab escort protein 1) X57637 

Signal transduction 

Protein kinase C, gamma Z15114 

Regulator of G-protein signaling 5 . A1674877 . 

Nek, Ash and phospholipase C binding . AB005216 
. protein INAP4) 

Highry similar to adeylate kinase gene AB0 16886 
Enzyme and protease . 

Phenylalanine hydroxylase AA203389 

Carboxypeptidase A1 X67318 

Xylulokinase AK001205 ; 

Pancreatic lipase J05125 

Ubiquitin specific protease 12 AF022789 . 

Transmembrane protease, serine2 U75329 

Aspartate bata- hydroxylase U03109 

Phosphoribosy I pyrophosphate D13757 
amidotransferase 

Tumor progression and cell differentiation 

CDC23 AF053977 

WISP-2 AF100780 

Microseminoprotein, beta M34376 

Dishevelled 3 NM_004423 

Structure protein 

Tricbohyalin L09190 

Kertain AF061809 

Other 

Human transferrin pseudogene M22376 

TIMP-2 U44383 

Collagen-like protein U67921 
Human genomic DNA chromosome 21q, ' AP001716 
section 60/105 

Human genomic DNA, chromosome 21q, AP001720 

section 64/105 

KIAA0136 D50926 

KIAA0379 AB002377 

KIAA0489 AB007958 

KIAA1114 1 AL049732 

KIAA1451 AB040884 

KIAA0756 AB018299 

Zinc finger protein 267 AF220492 

Hypothetical protein FU 10633 AK001495 

Hypothetical protein EUROIMAGE 1955967 AK026108 

Myb1 homolog like 1 AK001893 

Anti2yme inhibitor D88674 

Disintegrin-like and metalloprotease AB002364 

(reprolysin type) with Thrombospondin 

type 1 motil, 3 

ADP-ribosylation factor 3 IARF-3J M74491 

Testis specific protein, Y-linked M98525 

Unnamed protein AK026042 



Gene name 


Genebank 


Expression fold 




number 










2b 


8h 


Connexin 59 gene 


L29277 


2.12 ±0.05 


1.74 ± 0.08 


IL-18 receptor 


X58806 


2.32 ± 0.21 


1.19 ±0.13 


accessory protein 








Integrin, alpha 1 


X68742 


2.01 ± 0.03 


1.05 ±0.10 


Nuclear body protein 


U63420 


2.22 ±0.11 


1.39 ±0.04 


Sp140 








Pro-Pol-dUTPase" 


AC004748 


2.33 ±0.18 


0.95 ±0.03 


polyprotein 








Thioredoxin 


NM_003329 


2.20 ±0.08 


1.07 ± 0.01 


FPRLi 


AF081535 


0.95 ± 0.06. 


2.13 ±0.11 


1L-10 receptor 


U08988 


1.22 ±0.18 


2.21 ± 0.07 


LxR 


NM_005693 


0.90 it 0.03 


2.37 ±0.31 


Vitamin D receptor 


J03258- 


1.37 ±0.23 


2.39 ±0.11 



Expression fold is designated as the ratio of CpG-ODN treated 
over control 



illation but were down-regulated thereafter, while anti- 
inflammatory associated genes such as FPRLI, IL10 recep- 
tor, vitamin D receptor and btR were up-regulated after 8h 
stimulation (TaMes 1, 3 and 4). 

3.2 Verification of the micro array results with RT-PCR 
or Western blotting 

To verify the results from the miooarray analysis, we also 
performed RT-PCR on the up-regulated genes (Fig. 3). Con- 
sistent with results obtained in the microarray gene expres- 
sion analysis, RT-PCR studies showed that the mRNA levels 
of some selected genes, including ubiquitin specific pro- 
tease 12, regulator of G-protein signaling 5, NAP4 and 
ASF12L, were increased in response to CpG-ODN (Fig. 1, 
Table 3). In addition, the protein expression level of ARF-3 



Ubiquitin specific 
protoaso 12 
Regulator of G- 
pFote»F> signaling 5 



GpC-ODN 



CpG-ODN 




C3 



Figure 1. Induction of various genes by CpG-ODN. THPl cells 
were stimulated with medium alone, 1.5 pM GpC-ODN ias the 
negative control) or CpG-ODN for the indicated times.- RT-PCR 
was then performed to analyze gene expression levels. f*-actin 
was used as an internal control. The experiment was repeated 
three times with similar results. 
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Figure 2. CpG-ODN induced ARF-3 protein expression in human 
THPO of mouse RAW264.7 cells. THP-1 (A) or mouse RAW264.7 
tB) cells were incubated whh 1.5 CpG-ODN for the indicated 
time points. The protein expression level of ARF-3 was deter- 
mined by Western blotting of cell extracts using anti-ARF-3 anti- 
body. The experiment was repeated three times with similar 
results. 

was shown to increase in Western blotting analysis in cell 
lysates from THP-1 cells treated with CpG-ODN for &-24h 
(Fig. 2A). Similar studies showed that the ARF-3 protein was 
also induced by mouse specific CpG-ODN in other TLR9 
expression cell fines such as the mouse macrophage 
RAW264.7 cell line (Fig 2B). 

3.3 Proteins regulated in CpG-ODN stimulated THP-1 
cells 

To further assess whether there was any correlation between 
regulation of gene expression and expression of cellular pro- 
teins, a proteomic approach was adopted to identify protein 
expression profiles. THP-1 cells were treated with CpG-ODN 
for defined times (from 8 to 40h), and their cytoplasmic 
proteins were extracted for 2-DE analysis. Although the use 
of high concentrations of urea might give us a broader view 
of ail the proteins affected by CpG-ODN, preliminary results 
from 2-D gels showed that the resolution of the protein mix- 
tures were not satisfactory. To improve and get the best jeso- 
hition from 2-DE, total proteins were roughly separated into 
supernatant and precipitated fractions using 50% saturated 
ammonium sulfate solution. To remove salts and other con- 
taminants, both protein fractions were precipitated with TCA 
solution and then subjected to 2-DE. By protein spot deter- 
mination analysis, about 500 and 450 well-resolved spots 
were observed on each pH 3.0-10.0 gel for precipitated or 
supernatant fractions, respectively. Comparative analysis of 
2-DE between treatments and control showed that the inten- 
sities of the protein spots from the ammonium sulfate pre- 
cipitated fraction did not change, while several protein spots 
were up-regulated by at least -80% in the supernatant frac- 
tion of 8h CpG-ODN stimulated THP-1 cells (Fig. 3). 

The protein spots were individually excised from gels for 
further identification. After trypsin digestion, several protein 
spots were identified without ambiguity by MS MALDJ- 
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Untreated CpG 




Figure 3. The' effect of CpG-ODN on the 2-DE profile of THP-1 
cells. THP-1 cells were treated with or without 1.5 pM, CpG-ODN 
for 8h. Total proteins were extracted and roughly separated into 
two fractions by 50% saturation with ammonium sulfate. The 
supernatant fraction was then separated by 2-DE. Protein spots 
were visualized by SYPRO Ruby staining. Comparison of CpG- 
ODN treated THP-1 cells to untreated cells showed that these 
proteins changed in intensity by over 80%. Protein spots were 
identified by trypsin digestion and MS. Localization of protein 
spots 1 (enoly-coehzyme A hydratase), 2 Iproteasome a) and 3 
(cyclophilinA; two isoforrns) are shown. The experiment was 
repeated three times with similar results. 

TOF. These proteins included HSP60, HSP90, cydophi- 
linA, enoyl-coenzyme A hydratase, eukaryotic translation 
elongation factor, proteasome a and p chain and ATP syn- 
thase beta chain (Table 5). Similar experiments on cells 
treated for a longer period of time with CpG-ODN stimu- 
lation (25 h) revealed that 27 protein spots were changed in 
intensity by at least -80%. These protein spots contained 
members of HSPs (HSP27, hsc70, grp78 and grp94), 
metabolic enzymes (phosphoglycerate kinase (PGK) and 
pyruvate kinase (PYK)), macrophage capping protein and 
cyclophilin A (Table 6). Among these proteins, macrophage 
capping protein, PGK, PYK, cyclophilinA and HSP27 
(Figs. 4 and 5A) were found to be up-regulated. Interest- 
ingly, we found that a truncated form of grp78 with an 
expected mass of 25 kDa and p) of 5.3 w 3S up-regulated 
while grp78 itself was down-regulated. A similar situation 
was also found for grp^ and hsc70 and their truncated 
derivatives (Table 7 and fig. 5). In addition, we also ob- 
served six down regulated protein spots on 2-D gels in 
samples after 25 h CpG-ODN treatment. Among these six 
proteins, we have successfully identified three as 40s ribo- 
somal protein SA. grp78 and hsc70,' respectively (Table 6), 
while the other three, due to their relative low abundance, 
have not been identified yet. 
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Table 5. List of proteins modulated by 8 h CpG*ODN treatment 



Protein name 


Accession 


Mr . 


P' 


Matched 


Cover- 


Scare 


Expression 




no. 


(theor.) 


(tbeor.) 


no. 


age 




fold 


ATP synthase beta-chain 


gi1 14549 


56 525 


5.26 


16 


58 


171 


2.33+0.06 


CyclophilinA 


P05092 


17 870 


7.82 


5 


35 , 


62 


2.85 ± 0.13 


Enoyl-Coenzyrhe A 


g»4503447 a > » 35 971 


6.61 




44 


62 . 


2.52 ±0.05, 


hydratase 
















Eukaryotic translation 


gi4503481 


50 087 


6.25 


6 


25 


68 


3.41 ±0.21: 


elongation factor 
















HSP60 


P10809 w 


57 963 


5.24 


13 


27 


76 


2.78 ± 0.03 


HSP90-beta 


P08238 


83 133 


4.97 


10 


18 


65 


2.36 ±0.10 


Proteasome a chain 


g>4506181 


25 882 


6.92 


11 


59 


80 


2.52 ±0.11, 


Proteasome p chain 


gi4506193 


26472 


8.27 


9 


46 . 


84 . 


3.85 ± 0.17 



Expression fold is designated as the ratio of CpG-ODN treated over control 

a) , NCBI accession number 

b) Swiss-Prot accession number 



Table 6. List of proteins modulated by 16 and 25 h CpG-ODN treatment 



Protein name 


Swiss-Prot 


H 




Match- 


Cover- 


Score 


Expression fold 




no: 


(theor) 


Itheor.) 


ed no. 


age% . 




16 h 


25h 


Cyclophilin A 


P05092 


17 870 


7.82 


5 


35 


62 


2.53 ± 0.02 


2.48 ±0.15 


78 kDa glucose regulat- 


P11021 • 


72 288 


5.07 


13 


30 


148 


0.61 ± 0.04 


0.29 ± 0.06 


ed protein (grp78) 


















HSP27 


P04792 


22 768 


5.98 


12 


59 


124 


1.00 ± 0.01 


2.61 ± 0.12 


Heat shock cognate 


P1 1142 


70 854. 


5.37 


16 


34 


114 


0.64 ± 0.01 


0.31 ± 0.03 


70 kDa protein 


















(hsc70) 


















Macrophage capping 


P40121 


38 494 


5.88 


9 


30 


58 


1.31 ±0.01 


2.58 ± 0.03 


protein 


















Phosphoglycerate 


P00558 


44 284 


7052 


11 


33 


71 


2.32 ±0.11 


4.23 ± 0.19 


kinase 


















Pyruvate kinase 


P14618 


57 710 


7.95 


17 


32 


114 


1.65 ± 0.07 


2.70 ±0.12 


40s ribosoma! protein 


P08865 


32 833 


4.79 


5 


23 


61 


0.33 ± 0.02 


0.35 ±0.05 



SA(RSP40) 



Table 7. List of truncated proteins detected in TUP- 1 cells after 25 h CpG-ODN treatment 



Protein name 


Swiss-Prot 




p/ 


Matched 


Cover- 


Score 


Expression 




no. 


tobs.) 


lobs.) 


no. 


age% 




fold 


94 kDa glucose-regulated 


P14625 


; -59 700 


-5.00 


12 


14 


104 


New 9 ' 


protein (grp94) 
















Truncated form of grp78 


P11021 


-25 000 


-5.30 


12 


22 


75 


New 


Truncated form of hsc70 


P11142 


-22 000 


-5.80 


12 


20 


96 


New 


Truncated form of hsc70 


P11142 


-19000 


-6.10 


11 


18 


113 


New 



a) New designated proteins detected in the CpG-ODN treated gel but not in the corresponding control gel 



3.4 Comparison of microarray and proteomic results 

Table 8 shows the expression of six genes and then corre- 
sponding proteins that were modulated by 8h treatment of 
THP-1 cells with CpG-ODN- Besides en oyl- coenzyme A 
hydratase, there was poor correlation between the expression 



of genes and their corresponding proteins {TaWe 8), sug- 
gesting that more in-depth studies were needed. To further 
evaluate whether changes observed in protein expression 
correlated with changes in mRNA levels, we randomly chose 
two proteins (PGK and PYK) that were induced after I6h 
CpG-ODN treatment and determined their mRNA levels by 
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Figure 4. 2-D gel electrophoretic analysis of CpG-ODN-treated 
THP-1 cells. (A) Total cell protein from unstimulated THP-1 cells 
was subjected to 2-DE. (B) TUP- 7 cells were treated whh or witlv 
out 1.5 p m CpG-ODN for defined times. Cellular proteins were 
extracted and separated by 2-DE. Several up-regulated proteins 
are shown in the SYPRO Ruby staining gel. Comparison of CpG- 
ODN treated THP-1 cells to untreated cells showed that these 
proteins changed in intensity by over 80%. The experiment was 
repeated three times with similar results. 




Figme 5. 2-D gel electrophoretic analysis of CpG ODN treated 
THP-1 cells. THP-1 cells were treated with or without 1.5 mm CpG- 
ODN for denned limes. Cellular proteins were extracted and 
separated by 2-DE. Protein spots were detected by SYPRO Ruby 
staining. (A| Expression ot HSP27 was induced by increasing the 
period of CpG-ODN stimulation. A truncated form of hsc70 was 
detected on the gel. IB) The native form of gip78 was detected in * 
untreated cells, while the truncated form of grp78 was observed 
alter ?5h stimulation. The experiment was repeated three times 
with similar results. 
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Table a Comparison of gene and protein expression levels in 
. THP-1 cells after 8 h CpG-ODN treatment 



Protein name 



Gene 

expression 
fold from 
microarray 



Protein 
expression 
fold from 



Enoyl-Coen2yme A hydrolase 


1.72 


-4- 


0.31 


2.52 i 


0.05 


Eukaryotic translation 


0.95 




0.01 


3.4ii 


0.21 


elongation factor 










HSP60 . 


0.94 


•* 


0.07 


2.78 ± 


0.03 


HSP90-beta 


158 


-Jh 


0.11 


2.36 + 


0.10 


Proteasome ct chain 


0,98 


■+ 


0.03 


2.52 ± 


0.U 


Proteasome 0 chain 


1.09 


-V 


0.11 


3.85 ± 


0.17 



RT-PCR. Our results showed that mRNA levels of PYK 
increased after 16 h CpG-ODN treatment, while mRNA 
levels of PGK were dramatically increased after 24 h stimu- 
lation (Fjg. 6). In addition, we also performed enzyme activ- 
ity analysis and found that the activity of PGK and PYK were 
3.5 



& 2 -5 

1 2 

o 

a 

a, 1.5 

or 

0.5 



(A) 

□ GpC-ODN 
©CpG-ODN 



n 



4 8 

Time (h) 



16 



24 




4 8 16 24 

Time (h) 

Figure 6. Activities of PYK and PGK induced by CpG-ODN. THP1 
cells were stimulated with medium alone, 1.5 GpC-ODN (as 
the negative control! oi CpG-ODN for the indicated times. Cell 
lysates were extracted and assayed lor (A) PYK nnd (B) PGK ac- 
tivities. Data represent mean i SEM. (n = 3). 
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Figure 7. Induction of PYK and PGK transcripts by CpG-ODN. 
THP1 cells were stimulated with medium alone, 1.5 >im GpC-ODN 
or CpG-ODN for the indicated times. RT-PCR was then perforrhed 
to analyze gene expression, p^actin was used as an internal con- 
trol. The experiment was repeated three times with similar 
results. 



indeed increased by a factor —25 after CpG-ODN stimula- 
tion (Kg. 7). To confirm that mRNA induced by CpG-ODN 
would also be accompanied by an increase in protein 
expression even though it was not detected in 2-D gel analy: 
sis, we used more sensitive and specific Western blotting 
analysis. As shown in Table 3 and Fig. 2, ARF-3 was identi- 
fied in the rnicrdarray gene profile but not in the proteomic 
expression profile. Nevertheless, we observed enhanced pro- 
tein expression of ARF-3 after CpG-ODN stimulation by 
Western blotting. Moreover, to investigate whether the up- 
regulation of ARF-3 by CpG-ODN is mediated through the 
TLR9 pathway, TLR9-deficient HEK293 cells were transiently 
cotransfected with hTLR9 and luciferase-reporter gene driv- 
en, by a NF-xB-dependent promoter. Our data showed that 
NF-kB activity of untransfected HEK293 cells were not 
responsive to CpG-ODN stimulation, while in transfected 
HEK293 cells expressing hTLR9, NF-kB luciferase activity 
was up-regulated 12-fold after 8 h CpG-ODN stimulation. 
The activation of NF-kB induced by CpG-ODN was blocked 
by. pretreatroent of the transfected cells with an ARF-3 in- 
hibitor, such as brefeldin A (Fig. 8), suggesting CpG-ODN 
induces ARF-3 and activates NF-kB after the interaction of 
CpG-ODN with TLR9. 



4 Discussion 

In this study both microanay and proteomic approaches 
were used to evaluate the eiTect of CpG-ODN on gene/pro- 
tein expression profiles ofTHP-I cells at several time points. 
Comparison of the gene expression profiles showed that 
stimulation of the cells with CpG-ODN for different periods 
of time resulted in different profiles (Tables 1-4). The diff er- 
ences in mRNA expression between the cells with short and 
long stimulation could be attributable to the low reproduci- 
bility. However, to avoid experimental variations, we not only 
used lire same batch of miaoanays from the same manu- 
facturer but also applied the samples of short and long term 
stimulation at the same time. In this way, we found that the 
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changes in expression fold of mRNA after CpG-ODN treat- 
ment were quite reproducible as shown by their mean 
± SEM (Table 4). A more likely explanation for the difference 
in the expression level of mRNA after different periods of 
stimulation with CpG-ODN is that the transient increase or 
decrease in these mRNA by CpG-ODN plays a significant 
role in rnodulating biological functions. For example, we 
found that the 1L-18 receptor accessory protein from THP-1 
cells was up-regulated after 2h of CpG-ODN stimulation. 
The 1L18/IL18R system is known to activate Thl-mecbated 
immune responses that play a critical role in host defense 
against infection [26). Together with IL-18/1L18 R, several 
genes for antimicrobial defense were also increased, includ- 
ing tiioiedoxin, Pro-Pol-dUTPase polyprotein and Spl40. 
After 8h of CpG-ODN stimulation, however, none of these 
genes was activated any more (Table 4); Since sustained or 
excessive production of these antimicrobial molecules migh t 
lead to inflammation and cellular damage [27], a plausible 
explanation is that TBP-1 cells fight against the invasion of 
pathogens by up-regulating antimicrobial defense-associated 
genes at an early stage of stimulation and then shut them 
down to avoid over-activation. Whether this explanation is 
true remains to be verified. 

It is noteworthy that our data also identified the up-reg- 
ularion of several anti-inflammatory associated genes after 
8h of CpG-ODN stimulation. These genes included FPRL1, 
1L-10 receptor, vitamin D receptor, and LxR (Table 3). FPR 
and FPRL1 have been defined as chemotactic factors 
involved in host defense against bacterial infection and in the 
clearance of damaged cells. Additional studies have indicated 
that FRPL1 interacts with a menagerie of structurally diverse 
pro- and anti-inflammatory ligands associated with diseases, 
including amyloidosis, Alzheimer's diseases, prion disease 
and HIV [28, 29). Therefore, FPRL1 may play an important 
role in regulating and/or balancing the production of pro- . 
and anti-inflammatory molecules in CpG stimulated THP-3 
cells. Additionally, a recent study has demonstrated that IjiRs 
and their ligands act as negative regulators of macrophage 
inflammatory gene expression and inhibit the expression of 
inflammatory mediators such as inducible nitric oxide syn- 
thase, cycJooxygenase and 1L-6 in response to bacterial 
infection or LPS stimulation (30). Of interest, we found that a 
transcription factor gene connexin 59, a regulator of IL-6 
expression, was up- regulated after 2 h of CpG-ODN stimula- 
tion. It is thus likely that CpG-ODN stimulation of THP-3 
cells for 2 h may induce the expression of the pro-inflamma- 
tory cytokine JL-6 through the up-iegulation of the connexin 
59 gene, while 8h of CpG-ODN treatment may counter- 
balance the initial inflammatory response by inducing JbcR to 
inhibit IL-6 production. 

Signal transduction molecules play an important role in 
cellular activation. Intracellular signal transduction systems 
employing various inlerTnolecular interactions through 
docking elements, including SH2 and SH3 domains, have 
been reported [31-33). Heie we found that THP-1 cells 
treated with CpG-ODN for 2 h up regulated gene expression 
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of Gib2-]i*e protein (which contains an SH3 domain), while 
8h of stimulation induced NcJc, Ash and phospholipase C 
binding protein (NAP4 which contains an SH2 domain). It is 
thns possible that Grb2-Iilce protein and NAP4 may play 
important roles in CpG-ODN mediated signaling pathways. 
Furthermore, recent studies have also revealed that binding 
of CpG-DNA to TLR9 results in activation of ]NK [34]. Since 
JNK is activated by Ndc adaptor protein and NcJc interacting 
kinase [35, 36], it is possible that CpG-ODN may activate JNK 
via up-regulation of NAP4, Although a recent publication 
described the gene expression profiles of a cultured mouse 
macrophage cell line after CpG-DNA stimulation [34), their 
microarray results were only conducted at one time-point 
(6h stimulation). Moreover, they did not report the meas- 
urement of protein expression profiles in response to CpG- 
ODN stimulation. 

Comparison of the gene and protein expression profiles 
showed that there was discordance between mRNA and pro- 
tein levels (Table 8). Similar discordance between the 
expression pattern of genes and proteins was also reported in 
other system using different stimuli [37-41]. The dis- 
cordance between mRNA and protein levels could be due to 
screening capability such as detection sensitivity, choice of 
cut-off point, guantitativity of microarray and 2-D gels, as 
well as time discrepancy between gene and protein expres- 
sion (39, 40, 42, 43]. Alternatively, it could also be explained 
by post-trancriptional events, such as alternative splicing or 
PTM [39, 40, 42, 43}. Another possible explanation is that 
most of the spots observed in the 2~D gels are isoforms of 
some proteins. The intensity of each spots does not neces- 
sary represent total amount of a certain protein and thus 
does not conelate with its mRNA level. Our finding that 
microarray results correlated better with Western blotting 
results (eg., ARF-3 in Fig. 2), an approach more suitable than 
2-D gels for determining the total amount rather than iso- 
forms of a given protein, seems to suggest that formation of 
isoforms should be carefully taken into consideration when 
one tries lo correlate mRNA and protein expression data. 

Using a proteomics approach, we found that CpG-ODN 
treatment up-regulated the expression of many proteins 
including HSPs, metabolic enzymes, structural proteins, as 
well as macrophage capping protein, cydophilin and protea- 
some a and p chain etc. HSPs are the most aWndant and 
ubiquitous soluble intracellular proteins. They are up-regu- 
lated by various stressors including temperature, glucose 
deprivation, microbial infection and. cancer |44]. They func- 
tion as molecular chaperones to prevent protein aggregation 
and contribute to the folding of nascent and altered proteins. 
In addition, they are able to regulate immune responses, 
including production of inflammatory cytokines and che- 
molcines and activation or maturation of immune cells [45, 
46). Beside HSPs, cydophilin as well as proteasome a and [i 
chain have also been reported to be involved in the immune 
response |39, 47J; proteasome p chain is consistently up- 
regulated in human neutrophils following LPS exposure |39j. 
Our finding that the protein levels of HSPs, cydophilin, and 
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proteasome a and 0 chain were increased after CpG-ODN 
treatment suggests that these molecules might play a role in 
the immunostimulating effect of CpG-ODN. To what extent 
these proteins contribute to the immune responses of the 
cells to CpG-ODN is currently under study. IVoteomk anal- 
ysis also showed that truncated forms of grp78, grp94 and 
hsc70 were induced, a phenomenon similar to calreticulin 
observed by Richards and his coworkers [43J, The expression 
of full length hsc70 and grp78 were decreased while the 
levels of their truncated derivatives was increased after CpG- 
QDN treatment. These results suggest that the degradation 
of these proteins has been enhanced We also found that 
proteosome a and 0 chains as well as ubiquitin specific pro- 
tease 12 were increased by CpG-ODN. Whether these 
enzymes or other enzymes were responsible for the genera- 
tion of truncated hsc70 and grp78 remains to be eJiiddatedL 
Cells rely on multiple signaling pathways to determine 
their fates of survival, proliferation or apoptosis [49J. In fact, 
apoptosis plays an important role in regulating pathogen 
infection. To be able to grow and replicate in the target cells, 
pathogens may have to block apoptosis. Results from several 
laboratories have made it clear that HSP70 and HSP27 pro- 
tect cells not only from heat, but also from most apoptotic 
stimuli [48, 50] by binding to Akt and subsequently mediat- 
ing anti-apoptotic activity through activation of Akt |51— 53J. 
Since our data revealed that CpG-ODN induced the expres- 
sion of HSP90 and HSP27, it is possible that CpG-ODN 
might prevent apoptosis by up-regulation of HSPs. 

Interestingly, our microarray data also showed that CpG- 
ODN mediated the induction of a set of genes associated 
with tumor progression and cell proliferation. Among these, 
one gene, WISP-2, was up- regulated by. CpG-ODN after both 
2 and 8h stimulation. WISP genes were first identified as 
downstream targets of the Wnt-10-catenin signaling path- 
way. They belong to the CCN family of growth factors that 
have been receiving increasing attention lately due to some 
of the family members having been reported to be involved 
in angiogenesis and tumorigenesis [54J. It would be inter- 
esting to evaluate whether CpG-ODN plays a role in angio- 
genesis and tumorigenesis by regulating WISP-2. In addi- 
tion, we found that some genes associated with neurode- 
generation or neuroprotection, such as FPRLl, NMDAR 
(NM DA) receptor, PKC and dishevelled 3 were up-regulated. 
To our knowledge, this is the first report to suggest an asso- 
ciation between these genes and CpG-ODN stimulation. As 
mentioned above, FPRLl plays a crucial role in proin- 
flammatory aspects of systemic amyloidsis and neurodegen- 
erative disease such as Alzheimer's disease and prion disease 
(28). NMDAR, PKC and disheveled are involved in modulat- 
ing amyloid precursor protein metabolism, which is central 
to the pathogenesis of Alzheimer's disease [55-57]. Most 
notably, recent studies have shown that the TLR4-dependent 
pathway is involved in neurodegeneration of the central 
nervous system |58J. Whether CpG-ODN moieties of patho- 
gens play any role in neurodegenerative diseases such as 
Alzheimer's remains to be elucidated. 
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ngure 8. ARF-3 participates in the CpG-ODN-TLR9-NF-»cB path- 
way. HEK293 cells were cotransfected with p5xNF-icB and human 
TLR9; After overnight transfectton, the cells were incubated, with 
or without 1.5 pw CpG-ODN for 8 h in the presence or absence of 
increasing concentrations of the ARF-3 inhibitor brefeldin A. 
After incubation, cells were rysed and NF-xB luciferase activity 
was measured. Data represent mean ± SEM. [n = 3). 



Exposure of cells to LPS or microbial infection has been 
known to induce several genes encoding metabolic enzyme 
[34, 39], Our micioarray data also revealed that a large number 
of genes encoding proteins involved in energy synthesis and 
fatty acid oxidation, such as enoyl- coenzyme A hydratase, 
propionyl coenzyme A carboxylase and cytochrome p450 . 
were activated by CpG-ODN treatment, in addition, we found 
that other proteins such as ARF-3 were up-regulated (Table 3, 
Fig. 8). ARFs are 20kDa GTPases of the ras superfamily that 
are critical to vesicular trafficking, including exocytic protein 
transport and endocytosis |59, 60J. This study demonstrates 
for the first time that ARF-3 is involved in the activation of N F- 
xB induced by CpG-ODN (as shown in Fig. 8) 

CpG-DNA/ODN has been shown to elicit primarily 
responses via the TLR9/MyD88 dependent pathway [18, 21. 
22). Chromosome location analysis showed that instead of 
localizing on one or two chromosome, the genes/proteins 
modulated by CpG-ODN stimulation are scattered on all 
chromosomes except chromosomes 23 and 24. These results 
seem to suggest that CpG-ODN either affects multiple chro- 
mosomes simultaneously or subsequently via cascades of 
cellular messengers. More studies are needed to elucidate its 
mechanism of actions. 



5 Concluding remarks 

In summary, by using microarray and proteomic approaches 
to evaluate the effect of CpG-ODN at different time points, 
we have found that genes/proteins regulated by CpG-ODN 



are related to inflammatory responses, antimicrobial defense, 
transcriptional regulation, intracellular signal transduction, 
rumor progression, cell differentiation, proteolysis, anti-apop- 
tosis as well as neurodegeneration and neuroprotection. Our 
results may help delineate the CpG-ODN mediated pathway 
and contribute to further understanding of mechanisms that 
Hnk innate immunity with acquired immune response(s). 
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Quantification of CK20 gene and protein expression in colorectal cancer 
by RT-PCR and inimunohistocliemistry reveals inter- and intratutnonr 
heterogeneity. 

Lassmann S, Bauer M, Soong R Schreglmann JL Tahiti NahrigJ . Ruger R, 
Hofler BL Werner M . 

Pathologisches Institut, Universitatsklinitcum Freiburg, Albertstrasse 19, 79104 Ereiburg, 
Germany, lassmann@ukl.uni-freiburg.de 

Cytokeratin 20 (CK20) is an epithelial protein expressed almost exclusively in the 
gastrointestinal (GI) tract and is widely used as immunohistochemical marker for routine 
diagnosis. In contrast, CK20 gene expression is not an established marker for the 
classification of tumours and the detection of disseminated cancer cells in colorectal 
cancer. Recently, real-time reverse transcriptase polymerase chain reaction (RT-PCR) has 
provided the means for reproducible and quantitative investigation of molecular markers. 
This report directly compares CK20 mRNA and protein expression in serial sections of 
archival, forrnalin-fixed, paraffin-embedded (FFPE) colorectal adenocarcinomas. CK20 
expression was detected by immunohistochemistry (IHC) in 60/63 (95.2%) cases, by 
conventional RT-PCR in 58/60 (96.7%) and by quantitative RT-PCR using the 
LightCycler (LightCycler is a trademark of a Member of the Roche Group) System in 
29/32 (90.6%) microdissected cases, one case yielding variable results. Despite the high 
detection rate of all three techniques, marked heterogeneity of CK20 expression was seen 
between different cases and also within individual cases. CK20 expression profiles were 
not related to particular histopathological features of the tumours. A good correlation (r = 
0.8964) was found between CK20 mRNA and protein expression by comparing 
quantitative RT-PCR with IHC in 32 cases. This was also true for selected heterogeneous 
rumour cells within individual cases. Both RT-PCR and IHC are therefore valuable tools 
for CK20 detection in colorectal adenocarcinoma, with real-time RT-PCR providing 
supplementary quantitative information. This suggests a promising supportive role for 
quantitative RT-PCR in molecular pathology. Copyright 2002 John Wiley & Sons, Ltd. 

Publication Types: 

* Evaluation Studies 



PMID: 12237879 [PubMed - indexed for MEDLINE] 



368: Br J Haematol. 1996 M;94(l):23-33 



Related Articles, Links 



Expression of the multidrug resistance-associated protein (MRP) mRNA 
and protein in normal peripheral blood and bone marrow haemopoietic 
cells. 

Lcgrand O, Pcrrot JY, Tang R , Simon in G, GurbuxaniS, Zittoun R . Marie JV . 

Laboratoire de Cinetique et de Cultures Ceilulaires, Hotel Dieu, Paris, France. 

We studied the expression of multidrug resistance-associated protein (MRP) in normal 
haemopoietic cells from peripheral blood and bone marrow. The MRP mRNA levels 
were estimated by RT/PCR and in situ hybridization (ISH) assay, and the protein levels 
by flow cytometry. 21 samples of peripheral blood and 21 samples of bone marrow (1 1 
normal bone marrow donors, 10 patients in complete remission after chemotherapy for 
large cell lymphoma or acute myeloid leukaemia) were analysed. In peripheral blood the 
mean MRP mRNA level in CD3+ cells was statistically higher than in the other cells (3- 
fold by the methods used). The levels of MRP in CD3+ varied from one individual to 
another (4.5-34,8 units by RT/PCR and 5-23 grains/cell by ISH); however, this was 
proportional to the variation in all the cell lineages of same individual (r = 0.84). In bone 
marrow the mean MRP levels of the various cell lineages (including CD34+) were 
similar to the basal level in HL60 cells. Individual expression levels were again variable; 
however, there was no difference between untreated normal bone marrow and post 
chemotherapy normal bone marrow. MRP protein expression was determined by flow 
cytometry with the monoclonal antibody MRPm^x The CD4+ lymphocytes exhibited a 
higher MRP protein expression than the other cell lineages, including CD8+ cells. There 
was a good correlation between the three methods used (RT/PCR and ISH, P '= 0.0001, r 
= 0.87; RT/PCR and flow cytometry, P - 0.0001 , r = 0.85; ISH and flow cytometry, P = 
0.002, r = 0.67). 

PMID: 8757504 [PubMed - indexed for MEDLINE] 
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Vascular endothelial growth factor enhances cardiac allograft 
arteriosclerosis. 

Lemstrbm KB, Kxehs R, Nykaacn AI , Tlkkaaen JM Sihvola RK AaKola EM . 
Hg^DlLL WoodJ, AHtaLo K Yla-Herttuala S , Koskincn PK . 

Cardiopulmonary Research Group, Transplantation Laboratory, University of Helsinki 
and Helsinki University Central Hospital, Helsinki, Finland. Karl.Lemstrom@helsinki.fi 

BACKGROUND: Cardiac allograft arteriosclerosis is a complex process of alloimmune 
response, chronic inflammation, and smooth muscle cell proliferation that includes cross 
talk between cytokines and growth factors. METHODS AND RESULTS: Our results in 
rat cardiac allografts established alloimmune response as an alternative stimulus capable 
of inducing vascular endothelial growth factor (VEGF) uiRNA and protein expression in 
cardiomyocytes and graft-infiltrating mononuclear inflammatory cells, which suggests 
that these cells may function as a source of VEGF to the cells of coronary arteries. Linear 
regression analysis of these allografts with different stages of arteriosclerotic lesions 
revealed a strong correlation between intragraft VEGF protein expression and the 
development of intimal thickening, whereas blockade of signaling downstream of VEGF 
receptor significantly reduced arteriosclerotic lesions. In addition, in cholesterol- fed 
rabbits, intracoronary perfusion of cardiac allografts with a clinical-grade adenoviral 
vector that encoded mouse VEGF(164) enhanced the formation of arteriosclerotic 
lesions, possibly secondary to increased intragraft influx of macrophages and 
neovascularization in the intimal lesions. CONCLUSIONS: Our findings suggest a 
positive regulatory role between VEGF and coronary arteriosclerotic lesion formation in 
the allograft cytokine microenvironment- 
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CHAPTER 29 
Regulation of transcription 



The pheiiotypic differences that distinguish the 
various kinds of cells in a higher eukaryote are 
largely due to differences in the expression of 
genes that code for proteins, lhat is, those tran- 
scribed by RNA polymerase IJ. In principle, the 
expression of these genes might be regulated at 
any one of several stages. The concept of the 
"level of .-control* implies that gene expression 
is not necessarily an automatic process once it 
has begun, It could be regulated in a gene- 
specific way at any. one of several sequential 
steps. We can distinguish (al least) five poten- 
tial control points, forming the series: 

Activation of gene structure 

Initiation of transcription 
i 

Processing the transcript 
- I 

Transport to cytoplasm 
I 

Translation of mftNA 

The existence of Die first step is implied by 
the discovery that genes may exist in either of 
two structural conditions. Relative to the slate 
of most of the genome, genes arc found in 
an "active'' state in the cells in which they 
are expressed (see Chapter 27). The change of 
structure is distinct from the act of transcrip- 
l 'on, and indicates that ihe gene is "transcrib- 
ablc." This suggests that acquisition of the 
"active" structure must be the first step in j>enc 
expression. 

Transcription of a £cj)o m i he active 5 i n i c is 



controlled at the stage of initiation, inat is, by 
the interaction of RNA polymerase with its pro- 
moter. This is now becoming susceptible to 
analysis in the in vitro systems (see Chapter 
28). For most genes, this is a major control 
point; probably it is the most common level of 
regulation. 

There is al present no evidence for control 
at subsequent stages of transcription in eukary- 
otic cells, for example, via antitermination 
mechanisms. 

The primary transcript is modified by capping 
at the 5' end, and usually also by polyadenyla- 
tfon at the 3' end; Introns must be spliced out 
from the transcripts of interrupted genes. The 
mature RNA must be exported from the nucleus 
to the cytoplasm. Regulation of gene expression 
by selection of sequences at the level of nuclear 
11NA might involve any or all of these stages, 
but the one for which wc have most evidence 
concerns changes in splicing; some genes are 
expressed by means of alternative splicing pat- 
terns whose regulation controls the type of pro- 
tein product (see Chapter 30). 

Finally, the translation of an rnRNA in the cyto- 
plasm can be specifically controlled. There is little 
evidence for the employment of this mechanism in 
adull somatic cells, but it does occur in some 
embryonic situations, as described in Chapter 7. 
The mechanism is presumed to involve the block- 
ing of initiation of translation of some mRNAs by 
specific protein factors. 

But having acknowledged that control of gene 
expression can occur at multiple stages, and 
thnt production of RNA cannot inevitably he 
erjuaieU with production of protein, it is clear 
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848 I Chapter 29 



that the overwhelming majority of regulatory 
events occur at the .initiation of transcription. 
Regulation of tissue-specific gene transcription 
lies at the heart of eukaryotic differentiation; 
indeed, we see examples in Chapter $8 in 
which proteins that regulate embryonic devel- 
opment prove to be transcription factors. A reg- 
ulatory transcription factor serves to provide 



common control of a large number of target 
genes, and we seek to answer two questions 
about this mode of regulation; what identifies 
the common target genes to the transcription 
factor; and how is the activity of the transcrip- 
tion factor itself regulated in response to intrin- 
sic or extrinsic signals? 



Response elements identify genes under common 
regulation 



The principle that emerges from characterizing 
groups of genes under common control is that 
they share a promoter element that is recognized 
by a regulatory transcription factor. An element 
that causes a gene to respond to such a factor 
is called a response element; examples are the 
. HSE {heat shock response element), GRE 
(glucocorticoid response element), SRE (serum 
response element). 

The properties of some inducible transcription 
factors and the elements that they recognize are 
siunmarized in Table 29.3. Response elements 
have the same general characteristics as 
upstream elements of promoters or enhancers. 
They contain short consensus sequences, and 
copies of the response elements found in dif- 
ferent genes are closely related, but not neces- 
sarily identical The region bound by the factor 
extends for a short distance on either side of 



. Table 29.1 Inducible transcription factors, bind tcr 
' response elements that identify groups of promoters 
■ ' or' enhancers subject to coordinate control.. : 



Regulatory Agent Module Ccnsensus 



Factor 



Meal shock USE 

Glucocorticoid GRE 

Phorbotesiei IRE 

Serum SRE 



CMNGAANN1CCNNG HSTF 

1 GGTACAAA7 GTTC7 Receptor 

7GACTCA API 

CCA7AT7AGG SRF 



the consensus sequence. In promoters, the ele- 
ments are not present at fixed distances from 
the startpoinl, but are usually <200 bp upstream 
of it The presence of a single element usually 
is sufficient to confer, the regulatory response, 
but sometimes there are multiple copies. 

Response elements may be located in pro- 
moters or in enhancers. Some types of elements 
are typically found in one rather than the other: 
usually an JfSE is found in a promoter, while a 
GRE is found in an enhancer. AVe assume that 
all response elements function by the same 
general principle. A gene is regulated by a 
sequence at the promoter or cnlwnccr that is 
recognized by a specific protein. 17ie protein 
fiinctions as a transcription factor needed for 
RNA polymerase to initiate Active protein is 
available only under conditions when the gene is 
to be expressed; its absence means that the pro- 
moter is not activated by this particular circuit 
An example of a situation in which many 
genes are controlled by a single factor is pro- 
vided by the beat shock response. This is com- 
mon to a wide range of prokaryoles and 
eukaryotes and involves multiple controls of 
gene expression: an increase in temperature 
turns oil transcription of some genes, turns on 
transcription of the heat shock genes, and 
causes changes in the translation of mRNAs- 
The control of the heat shock genes illustrates 
the differences between prokaryotic and 
eukaryotic modes of control, hi bacteria, a ne»' 
sigina (actor is synthesized that directs hW 
polymerase lioloenzyme to recognize an altcr- 
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Retinal preconditioning and the induction of heat-shock protein 27. 
LjY, RothS, LascrM, MaJX, Crosson CE . 

^oS?2 f 5 0 £ h SA alm0,0gy, MediCd UniVen?ity ° f $ ° U,h Car0 ' ina » Char,est0n ' South 

l^Iw H B " ef peri ° dS °f isc f hemia have been shown «° Protect the retina from 
nr^H r " ma8mg ° f ,SChCmia - This P heno ^non has been tenned ischemic 

precondthomng or ischemic tolerance. In the present study the cellular changes i Zeis 

associated with ischemic preconditioning were evaluated. METHODS: Unilateral retinal 
schemui was created in Long-Evans and Sprague-Dawley rats for 5 mihutSTSf 
; ^enleft for 1 hour to days, to allow the retina to reperfuse. Retinas were dissected. Ae 
mRNA and protein isolated, and Northern and Western blot analyses conducted to deteS 
£25 m r e T SS -° n ° f , HSP27 ' - 7 °' ^ " 90 - 'n—histochemical studies Zr^TL 

a stondtr, reg,ons r<r Hsp changes occurred sm — 

H SSS fitZ r ; V ""Tf ^ dUrat, '° n ' t0 C °^ ,ate the cha "g es - ession of 
Hsp with functional protection of the retina from ischemic injury. RESULTS- In control 
and sham-treated animals retinal H Sp 27, -70, and -90 mRNAs were detectable Five 

evds tdS'hn P 77 dit S! n A g i ,e T I? ° f HSP2? were eIevated a bove control 

levels, and 24 hours later, mRNA levels increased 200% over basal levels Hsd27 

l^ZoT^ f V f d f ° r UP t0 72 h ° UrS and then t0 retum * control 
S' P £° " dS WCre mCrCased by 200% over basal leve »* 24 hours after 

levels TnconirT mg ' ? ^ for 72 h0UrS ' md then rcturned *> <™*ol 

S ^ u n ° cons,stent chan e e Hsp70 or -90 mRNA or protein levels was 
observed dunng the course of the study. Immunohistochemical studies demonst^ that 

tt 3T m eX rT S ° f S P2? ^ ,0CaHzed 10 neUronal - d -n-neuron ^s „ 
the inner layers of the retma Electroretinography studies demonstrated a strong 

correlation between the protection of retinal function from ischemic injury and I the 
rfK?, 0 /^ ^USIONS: These results provide evidencl thaUheilduction 
ot Hsp27 ,s a gene-specific event associated with ischemic, preconditioning in the retina 

eels ST Tr i0n ° f HSP2? OCCUrS " b ° ,h - d "on-neurona. retin 

cells, and appears to be one component of the neuroprotective events induced by 

ischemic preconditioning in the retina. y 
PMID: 12601062 [PubMed - indexed for MEDLINE] 
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Enhanced expressions of arachidonic acid-sensitive tandem-pore domain 
potassium channels in rat experimental acute cerebral ischemia. 

LLZB, ZLangJHDC, LULL, Wan&XL. 

Instituteof Materia Medica, Chinese Academy of Medical Sciences and Peking Union 
Medical College, Beijing 100050, China. 6 

To further explore the pathophysiological significance of arachidonic acid-sensitive 
potass.u m channels, RT-PCR and Western blot analysis were used to investigate the 

ZeTr^T ° f TRE u ChaimdS fao0ltot md *PP"*m^ - rat experimental 
acute cerebral ischemia m this study. Results showed that TREK-1 and TRAAK mRNA 

a m fi ;S™ r ™BK-2 -RNA in hippocampus showed sigmfica^^ h 

fte lu h^ 7 t T* ° CdUSi0n {MCA0) - mUs aie ^sion levels of 

the all three channel subtypes increased significantly 24 h after MCAO in cortex and 

JZ£S« ^ SamC ^ Pr0te ' n eXpreSSi ° nS ° f 3,1 the three channel Proteins 

? ""^f 24 h aftCr MqA ^ 1,1 30(1 WpPocampus, but only 
TREK-1 showed increased expression 2 h after MCAO in cortex and hippocampus 
Immunohistochemical experiments verified that all the three channel proteins had higher 
expression levels ,n cortical and hippocampal neurons 24 h after MCAO These resuuT 

toKsst 8 - r e,atio ; between trek channeis ^ acute cerebra « -7 e r 

KfcK. channels might provide a neuroprotective mechanism in the pathological process. 
PMID: 15652517 [PubMed - indexed for MEDLINE] 
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Increasing expression of tissue plasminogen activator and plasminogen 
actrvator inhibitor type 2 in dog gingival tissues with progressive 
inflammation. 

Lindberjr P, Kinnby B, Lecander I , LangNP, Matsson L . 

Center for Oral Health Sciences, Malmo University, S-2 14 21 Malmo, Sweden 
pia.luidberg@od.mah.se 

Urokinase and tissue-type plasminogen activators (u-P A and t-PA) are serine proteases 
that convert plasmmogeninto plasm in, which degrades matrix proteins and activates 
meta loproteinases. The PAs are balanced by specific inhibitors (PAI-1 and PA1-2) 
Local production of t-PA and PAI-2 was recently demonstrated in human gingival 
tissues. The aim now was to investigate the production and localization of t-PA and PAI- 
-2 in gingival tissues from dogs in three welWefined periodontal conditions; clinically 
healthy gingiva, chrome gingivitis and an initial stage of ligature-induced loss of 
attachment At the start of the experiment the gingiva showed clear signs of 
inflammation. Clinically healthy gingiva were obtained after 21 days period of intense 

ff n • '°f W2S induCCd by pladn S rabfaer "S 3 ^ «°«nd *c neck of 

some teeth. Biopsies were taken from areas representing the different conditions and 
prepared for ,n situ hybridization and immunohistochemistry. In clinically healthy 
gingiva both t-PA mRNA and antigen were expressed in a thin outer layer of the sulcular 
and junctional, epitheha. No t-PA signals or staining were seen in connective tissue. Both 
mRNA signaling and immunostaining for t-PA were stronger in chronic gingivitis. In 
areas wUh loss of attachment. t-PA mRNA as well as antigen were found in The sulcular 
and junctional epitheha to a similar degree as in gingivitis. Occasionally the connective 
issue was involved especially in connection with vessels. PAI-2 mRNA was seen in a 
th.n outer layer of the sulcular and junctional epitheha in clinically healthy gingiva but 
no signals were seen in connective tissue. PAI-2 antigen was found primarily in the 
outer layer of the sulcular and junctional epitheha. Some cells in the connective tissue 
were stamed. In gingivitis, PAI-2 signals were mainly found in the same locations but 
more intense and extending towards the connective tissue. Immunostaining was seen in 
the outer half of the sulcular and junctional epitheha as well as in the upper part of the 
connective t.ssue, close to the sulcular epithelium. In sites with loss of attachment, PAI-- 
2 mRNA was found throughout the sulcular and junctional epithelia, as was the antigen 
found ;:^ ratel ? PAI - 2 mRNA W3S Seen in fss-et the antigen was 

V 5 . *T1 71 ' ^ * " ear VCSSeIS - 71,58 Study sh0WS *« the ex P ressio " ^ both t- 
PA and PAI-2 increases with experimental gingival inflammation in the dog and 

rurtliermore, the two techniques demonstrate a strong correlation between the 
topographical distribution of the site of protein synthesis and the tissue location of the 
ant gens for both t-PA and PAI-2. The distribution correlates well with previous 
findings in humans. 
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Effect of duration of fixation on quantitative reverse transcription 
polymerase chain reaction analyses. 

Macabeo-OnfrlVf, Ginzingcr PG . Dekker N, McMiiJan A, Reeezi JA Wong DT 
Jordan RC ' ' 



Oral Pathology, Department of Stomatology, University of California San Francisco 
California 94143-0424, USA. 

Increasingly, there is the need to analyze gene expression in tumor tissues and correlate 
these findings with clinical outcome. Because there are few tissue banks containing 
enough frozen material suitable for large-scale genetic analyses, methods to isolate and 
quantify messenger RNA (mRNA) from formalin-fixed, paraffin-embedded tissue 
sections are needed. Recovery of RNA from routinely processed biopsies and 
quantification by the polymerase chain reaction (PCR) has been reported; however, the 
effects of formalin fixation have not been well studied. We used a proteinase K-salt 
precipitation RNA isolation protocol followed by TaqMan quantitative PCR to compare 
the effect of formalin fixation for 24, 48, and 72 hours and for 1 week in normal (2), oral 
epithelial dysplasia (3), and oral squamous cell carcinoma (4) specimens yielding 9 fresh 
and 36 formalin-fixed samples. We also compared mRNA arid protein expression levels 
using immunohistochemistry for epidermal growth factor receptor (EGFR), matrix 
metalloproteinase (MMP)-l, P 21, and vascular endothelial growth factor (VEGF) in 15 
randomly selected and routinely processed oral carcinomas. We were able to extract 
RNA suitable for quantitative reverse transcription (RT) from all fresh (9/9) and 
formalin-fixed (36/36) specimens fixed for differing lengths of time and from all (15/15) 
randomly selected oral squamous cell carcinoma. We found that prolonged formalin 
fixation (>48 h) had a detrimental effect on quantitative RT polymerase chain reaction 
results that was most marked for MMP-1 and VEGF but less evident for p21 and EGFR. 
Comparisons of quantitative RT polymerase chain reaction and immunohistochemistry 
showed that for all markers, except p21, there was good correlation between mRNA and 
protein levels. p21 mRNA was overexpressed in only one case, but protein levels were 
elevated in all but one tumor, consistent with the established translation^ regulation of 
p21 . These results show that RNA can be reliably isolated from formal in- fixed, paraffin- 
embedded tissue sections and can produce reliable quantitative RT-PCR data. However, 
results for some markers are adversely affected by prolonged formalin fixation times. 

PMID: 12218216 [PubMed - .indexed for MEDLINE] 
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Id-1 and Id-2 are overexpresscd in pancreatic cancer and iu dysplastic 
lesions in chronic pancreatitis. 

MaruyamaH , KleeffJ, WUdiS , Fricss H, Bucl.Ier MW. Israel MA. ICorc M . 
Division of Endocrinology, Department of Medicine, University of California, Irvine, 

Id proteins antagonize basic helix-loop-helix proteins, inhibit differentiation, and enhance 
cell proliferation. In this study we compared the expression of Id-1, Id-2, and Id-3 in the 
normal pancreas, in pancreatic cancer, and in chronic pancreatitis (CP). Northern blot 
analysis demonstrated that all three Id mRNA species were expressed at high levels in 
pancreatic cancer samples by comparison with normal or CP samples. Pancreatic cancer 
cell lines frequently coexpressed all three Ids, exhibiting a good correlation between Id 
mRNA and protein levels, as determined by immunoblorting with highly specific anti-Id 
ant,bod leS . Immunohistochemistry using these antibodies demonstrated the presence of 
taint Id-1 and Id-2 immunosta.ning in pancreatic ductal cells in the normal pancreas 
whereas Id-3 immunoreactivity ranged from weak to strong..In the cancer tissues, many 
of the cancer cells exhibited abundant Id-1, Id-2, and Id-3 immunoreactiviry. Scoring on 
the basis of percentage of positive cells and intensity of immunostaining indicated that 
Id-1 and Id-2 were increased significantly in the cancer cells by comparison with the 
respective controls. Mild to moderate Id immunoreactivity was also seen in the ductal 
cells in the CP-like areas adjacent to these cells and in the ductal cells of small and 
interlobular ducts in CP. In contrast, in dysplastic and atypical papillary ducts in CP, Id-1 
and Id-2 immunoreactivity was as significantly elevated as in the cancer cells These 
findings suggest that increased Id expression may be associated with enhanced 
proliferative potential of pancreatic cancer cells and of proliferating or dysplastic ductal 
cells in CP. . 
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ld-1 and ld-2 Are Overexpressed in Pancreatic 
Cancer and in Dysplastic Lesions in 
Chronic Pancreatitis 



Haruhisa Maruyama,* Jorg Kleeff,* Stefan Wildi.* 
Helmut Friess,* Markus W. Buchler* 
Mark A. Israel * and Murray Korc* 

prom the Division of Endocrinology, Diabetes, and Metabolism, 9 , 
Departments of Medicine, Biological Chemistry and 
Pharmacology, University of California, Irvine, California; the 
Department of Visceral and Transplantation Surgery? University 
of Bern, Bern, Switzerland; and the Preuss Laboratory? 
Department of Neurological Surgety University of California, 
Sah Francisco, California . 



Id proteins antagonize basic belixJoop- helix pro- 
teins , inhibit differentiation, and enhance cell prolif- 
eration. In this study we compared the expression of 
ld-3, Id-2 r and Id-3 in the normal pancreas, in pan- 
creatic cancer, and in chronic pancreatitis (CP). 
Northern blot analysis demonstrated that all three Id 
mRNA species were expressed at high levels in pan- 
creatic cancer samples by comparison with normal or 
CP samples. Pancreatic cancer cell lines frequently 
coexpressed all three Ids, exhibiting a good correla- 
tion between Id mRNA and protein levels, as deter- 
mined by irnxnunoblotting with highly specific anti-Id 
antibodies, lmmim ©histochemistry using these anti- 
bodies demonstrated the presence of faint ld-1 and 
Id- 2 immunostaining in pancreatic ductal cells in the 
normal pancreas, whereas ld-3 immunoreactivity 
ranged from weak to strong. In the cancer tissues, 
many of the cancer cells exhibited abundant Jd-1 , 
ld-2, and ld-3 immunoreacliviry. Scoring on the basis 
of percentage of positive cells and intensity of immu- 
nostaining indicated that ld-1 and ld-2 were increased 
significantly in the cancer cells by comparison with 
the respective controls. Mild to moderate Id mummo- 
reactivity was also seen in the ductal cells in the 
CP- like areas adjacent to these cells and in the ductal 
cells of small and interlobular ducts in CP. In con- 
trast, in dysplastic and atypical papillary ducts in CP, 
ld-1 and ld-2 immunorcactivity was as significantly 
elevated as in the cancer cells. These findings suggest 
that increased Id expression may be associated with 
enhanced proliferative potential of pancreatic cancer 
cells and of proliferating or dysplastic ductal cells in 
CP. (Am J Pntbol J'JW, J55:81y-S22) 



Basic helix-loop-helix <bHLH) proteins play an important 
role as transcription factors in cellular development, pro- 
liferation, and differentiation: 1,2 The basic domain of the 
bHLHs is required for binding to an E-box DNA se- 
quence, thus promoting transcription of specific target 
genes. The HLH domain promotes dimer formation with 
various members of the bHLH protein family. 1 ' 2 Ho- 
modimers of the class B family of bHLH proteins, includ- 
ing MyoD, NeuroD, and numerous other proteins, are 
known to activate tissue-specific genes. 3 " 5 These tissue- 
specific bHLHs typically form heterodimers with widely 
expressed class A bHLHs, which include proteins en- 
coded by E2A,£2-2, HEB, and other genes (also termed 
E-proleins). 6-9 These heterodimers activate transcription 
of genes that are associated with differentiation. 

Id genes encode a family of four HLH proteins that lack 
the basic DNA binding domain. 1 - 10 They act as dominant- 
negative HLH proteins by forming high affinity het- 
erodimers with other bHLH proteins, thereby preventing 
them from binding to DNA and inhibiting transcription of 
differentiation-associated genes. 10-12 Id gene expres- 
sion is down-regulated on differentiation in many cell 
types in vitro and in wvo. 13-18 In addition, Id proteins seem 
to be required for cell cycle progression through G^S 
phase in certain cell types, and interaction between ld-2 
and pRB is associated with enhanced proliferation in 
some cell lines in vitro. 19-23 

Pancreatic cancer is the fifth leading cause of cancer 
death in. the United States, with a mortality rate that vir- 
tually equals its incidence rale. 24 This malignancy is often, 
associated with the overexpression of a variety of myo- 
genic growth factors and their receptors, and by onco- 
genic mutations of K-ras and inactivation of the p53 tumor 
suppressor gene. 25 We have recently reported that pan- 
creatic cancers overexpress the HLH proiein ld-2, and 
that enhanced expression of this proiein is evident in the 
cytoplasm of the cancer cells within the pancreatic tumor 
mass. 26 It is not known, however, whether the expression 
of other Id proteins is altered in this malignancy, or 
whether their expression is altered in chronic pancreatitis 
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(CP), an inflammatory, disease that is characterized by 
dysplastic ducts, foci of proliferating ductal cells, acinar 
cell degeneration, and fibrosis. 27 We now report that 
there is a five- to sixfold increase in ld-1 and ld-2 mRNA 
levels and a twofold increase in ld-3 mRNA levels in 
pancreatic cancer by comparison with the normal pan- 
creas. In contrast, overall Id mRNA levels are not in- 
creased in CP. 



Patients and Methods 

Normal human pancreatic tissue samples from 7 male 
and 5 female donors (median age 41.8 years, range. 
14-^68 years), CP tissues from 13 males and 1 female 
.(median age 42.1 years; range 30-56 years), and pan- 
creatic cancer tissues from 10 male and 6 female donors 
(median age 62.6 years; range 53-83 years) were ob- 
tained through an organ donor program and from surgi- 
cal specimens from patients with severe symptomatic 
chronic pancreatitis or pancreatic cancer. A partial 
. duodenopancreatectomy (Whippfe/pylorus-preserving 
Whipple; n — 13), a left resection of the pancreas (n - 2), 
or a total pancreatectomy (n = 1) were carried out in the 
pancreatic cancer patients. According to the TNM clas- 
sification of the Union Internationale Contre le Cancer 
■ (UICC) 6 tumors were stage 1 , 1 was stage 2, and 9 were 
stage 3 ductal cell adenocarcinoma. Freshly removed 
tissue samples were fixed in 10% formaldehyde solution 
for 12 to 24 hours and paraffin-embedded for histological 
analysis. In addition, tissue samples were frozen in liquid 
nitrogen immediately on surgical removal and maintained in 
-80°C until use for RNA extraction. All studies were ap- 
proved by the Ethics Committee of the University ol Bern, 
Bern, Switzerland, and by the Human Subjects Committee 
at the University of California, Irvine. California. 

Northern Blot Analysis 

Northern blot analysis was carried out as described pre- 
. viously. 26 28 Briefly, total RNA was extracted by the single 
step acid guanidinium thiocyanate phenol chloroform 
method. RNA was size-fractionated on 1.2% agarose/1.8 
mol/L formaldehyde gels, electrotransf erred onto nylon 
membranes, and cross-linked by UV irradiation. Blots 
were prehybridized and . hybridized with cDNA probes 
and washed under high stringency conditions. The fol- 
lowing cDNA probes were used: a 979-bp human ld-1 
cDNA probe, a 440-bp human ld-2 cDNA probe, and a 
450-bp human ld-3 cDNA p/obe, covering the entire 
coding regions of ld-1, ld-2, and ld-3, respectively. A 
SamHI 190-bp fragment of mouse 7S cDNA thai, hybrid- 
izes with human cytoplasmic RNA was used to confirm 
equal RNA loading and transfer. Blots were then exposed 
at -80°C lo Kodak BioMax-MS lilms and the resulting 
autoradiography were scanned lo quantify the intensity of 
the radiographic bands. 26 - 26 For each sample the ratio of 
Id mRNA expression to 7S expression was calculated. To 
compare the relative increase in expression of the re- 
spective Id mRNA species in the cancer and CP sam- 
ples, the same normal samples were used lor normal/ 
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Figure 1. mRNA expression of id-J, Jd-2, and ld-3 in pancreatic cancer and 
chronic pancreatitis. Total RNA (20 /jfc/hme) from six normal, eight cancer- 
ous, nnd seven chronic pancreatitis tissue samples were, subjected to North- 
em blot analysis using 32 P-labeled cDNA probes (500,000 cpm/ml) specific 
for Id-], ld-2, and ld-3. respectively.' A 7S cDNA probe (50,000 cpm/ml) was 
used as a loading and transfer control. Exposure times of the normal/cancer 
blots were 1 day for all Id piobes, :ind 2 tbys for the normal/CP blots. 
Exposure time was 4 hours for moose 75 cDNA. By comparison with the 
normal samples, id-l and Jd-3 mRNA levels were elevatedin 8 and 9 cancer* 
samples, respectively, whereas Jd-2 was elevated in 6 cancer samples. 

cancer and normal/CP membranes. The median score for 
ld-1, ld-2, and ld-3 mRNA levels in these normal samples 
was set lo 100. Statistical analysis was performed with 
SigmaSlat software (Jandei Scientific, San Raphael, CA). 
The rank sum test was used, and P < 0.05 was taken as 
the level ol significance. 

Celi Culture and Western Blot Analysis 

PANC-1, MIA-PaCa-2, ASPC-1, and CAPAN-1 human 
pancreatic cell lines were obtained from ATCC (Manas- 
sas, VA). COLO- 357 human pancreatic cells were a gift 
from Dr. R. S. Melzger (Durham, NC). Cells were routinely 
grown in DM EM (COLO-357, MIA-PaCa-2. PANC-1) or 
RPMI (ASPC-1. CAPAN-1) supplemented with 10% fetal 
bovine serum, 100 U/rnl penicillin, and 100 /ig/rnl strep- 
tomycin. Tor immunoblot analysis, exponentially growing 
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Figure 2. Dervsitometric analysis of Northern blots. AutorAifiognphs of 
Northern blots from 12 normal. J 4 0\ and 16 pancreatic cancers were 
analysed by densitometry. mRNA levels were deter mined by calculating the 
raiio of ihe optical density for. the respective Jd mRNA .species in relation lo 
. ihe optiol density of mouse 7S cDNA. To compare the relative increase in 
expression of the respective )d mRNA species in die cancer and CP- samples, 
the same normal samples were used for normal/cancer and normal/ CP 
membranes. Normal pancreatic tissues are indicated by circles, CP tissues bv 
Iriangtes, and cancer tissues by squares. Data are expressed as median 
scores ± StX Dy comparison with the normirl samples, onh/ the caiKer 
samples exhibited significant increases: (>.f> -fold iP< 0.O)) for Id- J, fivefold 
(P < 0.01) for ld-2. and twofold (/> = 0.027) for ld-3. '* 



cells {60-70% confluent) were solubilized in lysis buffer 
containing 50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCI, 
1 mmol/L EDTA, 1 ; A g/ml pepstalin A, 1 mrnol/L phenyf- 
• methylsulfonyl fluoride (PMSF). and 1% "friton X- 100. Pro- 
teins were subjected to sodium dodecyl sulfate polyacryl- 
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Figure 3. Id mRNA and protein expression in pancreatic cancer cell lines. 
Upper panels:. TotjJ UNA (20 jig/lane) from 5 pancreatic cancer cell lines 
were subjected to. Northern blot analysis using 3 *P-labeted cDNA probes 
(500,000 cpm/ml) specific for ld-1, )d-2, and ld-3 t respectively. Exposure 
times were ) day for all Id probes. Lower panels; Immunoblotiing. Cell 
lysates (30 pg/lane) were subjected to SDS-PACE. Membranes were probed 
with specific Jd-1, Jd-2, and ld-3 antibodies. Visualization w»s performed by 
enhanced chemilummescence. 

amide gel electrophoresis (SDS-PAGE). transferred to 
Immobilon P membranes, and incubated for 90 minutes 
with the indicated antibodies and tor 60 minutes with 
secondary antibodies against rabbit IgG. Visualization 
was performed by enhanced chemiluminescence. 



Immunohisiochemisiry 

Specific rabbit anti-human ld-1 (C-20). ld-2 <C- 20). and 
ld-3 (C-20; all from Santa Cruz Biotechnology, Santa 
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Figure 4. Normal and cancerous pancreatic tissues were subjected to immu- 
nostaining using highly specific anti-ld-1 (AC), a mi- Id- 2 (D-F). and ami- ld-3 
, (G-0 antibodies as described in the Methods section. Moderate io strong )d-l 
immunoreactiviry was present in the cytoplasm of duct- like cancer cells (A 
and C. left panel). In the normal pancreas there was weak Id- 1 imrounore-. 
aciiviiy in the ductal cells (D). Preabsorption with the Id-i-specific blocking 
peptide abolished the Id- J immunoreaciiviry (C, right paneO- Strong Id-2 
immunoreactiviry was observed in the cytoplasm of the cancer cells that 
exhibited duct-like structures (D and F. left panel), whereas in the normal 
pancreas, there was only weak ld-2 imrminoreacliviry in the ductal cells (EX 
Pica bsorpi ion with the Id-?- specific blocking peptide abolished the ld-2 
immunoreaciiviiy <F. tight paneD. Modenue to strong Id- 3 tmmunoreactiviiy 
was present in the duci-tike cancer crlls (G ^nd I, left panel). Moderate «> 
Strong Jd-3 inimunoieaciivity wns also present in the duci:il cells of normal 
pancreatic tissue samples (H). ld-3 immunoreaciiviiy was completely abol- 
ished by preabsorption with the )d-3 specific blocking pepiide 0. right 
panel)- A, D. and G constitute serial sections of a pancreatic cancer sample, 
revealing coes press ion of the three Id proteins. Scale bars. 25 /im, 

Cr uz, CA) polyclonal antibodies were used lot immunhis- 
iochemistry. These affinity-purified rabbit polyclonal anti- 
bodies specifically react with Id- 1, ld-2, and Id- 3, respec- 
tively, of human origin, as determined by Western 
blotting. Paraffin- embedded sections (4 M rn) were sub- 
jected to imrnunostaining using the slreptavidin-peroxi- 
dase technique. Where indicated, imrnunostaining for all 
thiee Id proteins was performed on serial sections. f£n- 



' dogenous peroxidase activity was blocked by incubation 
for 30 minutes with 0.3% hydrogen peroxide in methanol. 
Tissue sections were incubated for 15 minutes (23°C) 
with 10% normal goat serum and then incubated for 16 
hours at 4°C with the indicated antibodies in PBS con- 
taining 1% bovine serum albumin. Bound antibodies 
were detected with biotinylated goat anti-rabbit IgG sec- 
ondary antibodies and streptavidirvperoxidase complex^ 
using diarnindbenzidine tetrahydrochloride as the sub- 
strate. Sections were counterstained with Mayer's hema- 
toxylin. Preabsorption with ld-1-, ld-2-, or ld-3-specific 
blocking peptides completely abolished immunoreactiv- 
ity of the respective primary antibody. The immunohisto- 
chemical results were semiquantitatively analyzed as de- 
scribed previously. 29,30 The percentage of positive 
cancer cells was stratified into four groups: 0 f no cancer 
cells exhibiting immunoreactivity; 1, <33% of the cancer 
cells exhibiting, irnrnunoreactivity; 2, 33 to 67% of the 
cancer cells exhibiting immunoreactivity; 3 >67% of the 
cancer cells exhibiting immunoreactivity. The intensity of 
the immunohistochemical signal, was also stratified into . 
four groups: 0, no immunoreactivity: 1 , weak immunore- 
activity; 2, moderate immunoreactivity; 3. strong immu- 
noreactivity. Finally, the sum of the results of the cell, 
score and the intensity score was calculated. Statistical 
analysis was performed with SigmaStat software. The 
rank sum test was used, and P < 0.05 was taken as the 
level of significance. 



Results 

Northern blot analysis of total RNA isolated Irom 12 nor- 
mal pancreatic tissues and 16 pancreatic cancers re- 
vealed the presence of the 1.2-kb ld-1 transcript and the 
1.6-kb Id2 mRNA transcript in 11 of (he 12. normal pan- 
creatic samples, and the 1.3-kb ld-3 mRNA transcript in 
all normal pancreatic samples (Figure 1A, 2). In the can- 
cer tissues, ld-1 mRNA levels were elevated in 8 of 16 
samples, ld-2 mRNA levels were elevated in 9 of these 
samples, and ld-3 mRNA levels were elevated in 6 ol 
these samples (Figure 1A, 2). Concomitant overexpres- 
sion ol all three Id species was observed in 6 of the 
cancer samples (38%). In contrast, none of the Id mRNA 
species were overexpressed in CP by comparison with 
normal controls (Figure 1B, 2). Densitometry analysis of 
all of the autoradiograms indicated that there was a 6.5- 
fold increase (P < 0.01) in ld-1 mRNA fevels, a fivefold 
increase (P < 0.01) in ld-2 mRNA levels, and a twofold 
increase (P = 0.027) in ld-3 mRNA levels in the pancre- 
atic cancer samples in comparison to normal controls 
(Figure 2). In contrast, there was no statistically signifi- 
cant difference in the expression levels of ld-1, ld-2, and 
ld-3, in CP tissues in comparison to the corresponding 
levels in the normal pancreas {Figure 2). 

Next, we assessed the expression ol the three Id 
genes in 5 human pancreatic cancer cell lines by North- 
ern and Western blot analyses, ld-1 mRNA was present 
at varying levels in all 5 cell lines (Figure 3). ASPC-1. 
CAPAN-1, MIA-PaCa-2, and PANC-1 expressed moder- 
ate to high levels of ld-1 mRNA, whereas C0LO357 cells 
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Figure 5. ImmiinohisiOchemisiry of pancreatic cancer and dyspJasiic ducts in CP tissues. In ibe pancreatic cancer tissues (ArC) there was moderate to strong )d-l 
(A), Id-2 (B), and Id- 3 (C) immunoreactiviiy in ihe ductal cells in the areas adjacent to ihe cancer cells thai exhibited CP- like all eroi ions. Islet cells did not exhibit 
Id immunoreactiviiy (outlined by solid arrowheads). In the CP samples, moderate to strong ld-I (D), Id-2 (E), and ld-3 (F) immunoreactiviiy was p/esent in ihe 
cytoplasm of epithelial cells Ibnning large dysplastic ducts. Scale bar. 25 /im. 



expressed relatively low levels of this mRNA moiely. 
Western blotting with a highly specific anti-td-1 antibody 
confirmed the presence of the approximately 14-kd ld-1 
protein in the 4 cell lines that expressed high levels ol 
ld-1 mRNA (Figure 3). Furthermore, the three cell lines 
with Ihe highest ld-1 mRNA expression (CAPAN-1, MIA- 
. PaCa-2, and PANC-1) also exhibited Ihe highest ld-1 
protein expression. Variable levels of the 1.6-kb Id-2 
mRNA transcript were present in all 5 cell lines. In addi- 
tion, a minor band ol approximately 1.2 kb was visible in 
COLO-357 arid MIA-PaCa-2 cells. Immunoblot analysis 
with a highly specific ant>ld-2 antibody revealed two 
bands of approximately 16 and 18 kd at relatively high 
levels in all of the cell tines with exception or PANC-1 
cells, in which the 16-kd band was relatively taint (Figure 
.3). With the exception ol MIA-PaCa-2 cells, there was a 
good correlation between Id-2 mRNA and protein levels 
(Figure 3). ld-3 mRNA was present at high levels in 
MIA-PaCa-2 cells, at moderate levels in COLO-357 cells, 
and at low levels in PANC-1 cells, ld-3 mRNA was not 
detectable in ASPC-1 and CAPAN-1 cells {Figure 3). 
Immunoblot analysis with a highly specific anli-ld-3 anti- 
body revealed an approximately 14-kd band that was most 
abundant in MIA-PaCa-2 cells, and was also readily appar- 
ent in COLO-357 and PANC-1 ceils. In contrast, only a faint 
ld-3 band was seen in ASPC-1 and CAPAN-1 cells. Thus, 
with the exceplion'ot PANC- 1 cells, there was a good cor- 
relation between ld-3 rnRNA and protein levels: 



To determine the localization of ld-1, Id-2, and ld-3, 
immunostaining was carried out using the same highly 
specific anti-Id antibodies. In the pancreatic cancers, 
moderate to strong ld-1 immunoreactivity was present in 
the cancer cells in 9 of 10 ! randomly selected cancer 
samples. An example of moderate ld-1 immunoreactivity 
is shown in Figure 4A, and of strong immunoreactivity in 
Figure 4C (left panel). In contrast, in the normal pancreas, 
faint ld : 1 immunoreactiviiy was present only in the ductal 
cells of pancreatic ducts (Figure 4B, arrowheads). Pre- 
absorption with the ld-1 -specific blocking peptide com- 
pletely abolished the ld-1 immunoreactivity (Figure 4C, 
right panel). The cancer cells also exhibited strong td-2 
(Figure 4, D and F, lelt panel) and moderate to strong ld-3. 
immunoreactivity. An example ol moderate ld-3 immuno- 
reactivity is shown in Figure 4G, and of strong immuno- 
reactivity in Figure 4 1 (lelt panel). In contrast, only faint 
td-2 immunoreactivity was present in the ductal cells in 
the normal pancreas (Figure 4E), whereas ld-3 immuno- 
reactivity in these cells was more variable and ranged 
from moderate to occasionally strong (Figure 4H). Islet 
cells and acinar celts were always devoid ol Id immunore- 
activity. Preabsorption ol the respective antibody with Ihe 
blocking peptides specific for Id-2 (Figure 4F, right panel) 
and ld-3 (Figure 4L right panel) completely abolished im- 
munoreactivity . Analysis of serial pancreatic cancer sec- 
tions revealed that there was often colocalization of the 
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Figure 6. Immuriohisiochemisiry of atypical papillary epithelium in CP tissues. Serial section analysis of some CP samples revealed ibe presence of large duct-like 
stmctures with atypical papillary epithelium. Mild lo moderate ld-1 (A) and Id-2 (B) imrmmoreactiviry and weak ld-3 (C) immunoreaciiviry was present in the 
cytoplasm" of ibe cells forming these large duels with papillary structures. Some CP samples also exhibited moderate ld-3 immuooieactiviiy in these cells (D). Scale 
bar, 25 pm. 



three Id proteins. An example of serial sections from a 
pancreatic cancer tissue is shown in Figure 4, A, D, and G. 

ld-1, Id-2, and ld-3 immunoreactivity was also present 
at moderate levels in the cytoplasm of ductal cells within 
■CP-like areas adjacent to the cancer cells (Figure 5, A-C). 
As in the normal pancreas, islet cells (outlined by arrow- 
heads) did not exhibit Id immunoreactivity. In 4 of 9 CP 
samples, there were foci of ductal cell dysplasia of rela- 
tively large interlobular ducts, all of which exhibited mod- 
erate to strong ld-1, td-2, and ld-3 immunoreactivity (Fig- 
ure 5, D-F). Five ol 9 CP samples also contained foci of 
-large ducts exhibiting atypical papillary epithelium. Serial 
section analysis of one of those CP samples revealed 
mild to moderate ld-1 and Id-2 immunoreactivity arid 
weak ld-3 immunoreactivity in the cells of these atypical 
papillary ducts (Figure 6, A C). In contrast, in some of 
these CP samples, moderate to strong ld-3 immunoreac- 
tivity was also observed (Figure 6D). However, most of 
the ductal cells forming the typical ductular structures of 
CP, such as large interlobular ducts and small proliferat- 
ing ducts, exhibited generally only weak to occasionally 
moderate Id immunoreactivity (dola not shown). 



The immunohistochemical data tor ld-1. Id-2, and ld-3 
are summarized in Table 1. In the case of ld-1 and Id-2. 
the cancer cells as well as the dysplastic and atypical 
papillary ducts in CP exhibited a significantly higher 
score than the ductal cells in the normal pancreas. In 
contrast, due to the marked variability in ld-3 immuno- 
staining in the normal pancreas, the differences between 
normal and cancer cells and normal and dysplastic cells 
did not achieve statistical signiticance. 



Discussion 

Id proteins constitute a family of HLFI transcription (actors 
that are important regulators of cellular differentiation and 
proliferation. 1 - 2 To date, four members of the human Id 
family have been identified. 1 - 10 " 12 7 heir expression is 
enhanced during cellular proliferation and in response to 
mitogenic stimuli, 19 31 and over expression ol Id genes 
inhibits dillerentiation and/or enhances proliferation in 
several different cell types. The forced expression 
ol ld-1 in mouse small intestinal epithelium results in 
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Table 1. Histological Scoring 



Id-t 



ld-2 



ld-3 



Normal [n = 6) 
Cancer (n = 10) 
CP (n = 9) 



Ductal cells 
Cancer cells 

Typical CP lesions (n = 9) 
Dysplastic ducts {n = 4) 
Atypical papillary ducts {n = 5). 



2.0 ± 0.4 
4.5* ± 0.5 

2.7 ± 0.5 
5.3* ± 0.2 
4.4* ± 0.2 



2.3 ± 0.2 
5.2 s ± 0.3 

3.1 ± 0.6 
5.8* ± 0.2 
5.2* ± 0.2 



2.5 ± 0.9 
4.5 ± 0.6 
3.4 ± 0.7 
5.3 ± 0.4 
5.0 ± 0.4 



Scoring of the histological specimens was performed as described in the Patients and Methods section. Values are the means ± SO of Ihe number 
of samples indicated to parenthesis. P values are based on comparisons with the respective controls in the normal samples. 
\ P < 0.02; *P.< 0.01; *P = 0.004: 5 P - 0.001. 



adenoma formation in these animals. 35 The growtb-pro- 
. moling effects of Id genes are thought to occur through; 
several mechanisms. For example; ld-2 can bind to mem- 
bers of the pRB tumor suppressor family, thus blocking 
their growth-suppressing activity , 2a21 and ld-1 and ld-2 
can antagonize the bHLH-mediated activation of known 
inhibitors of cell cycle progression such as the cyclin- 
dependent kinase inhibitor p2l P 

In the present study, we determined by Northern blot 
analysis that a significant percentage of human pancre- 
atic cancers expressed increased ld-1, ld-2, and ld-3 
mRNA levels. Increased expression was most evident for 
ld-1 (6.5-fold) and ld-2 (fivefold). In contrast, ld-3 mRNA . 
levels were only twofold increased in the cancer samples, 
partly because this mRNA was present at relatively high 
levels in the normal pancreas. Immunhistochernica! anal- 
ysis confirmed the presence, of ld-1, ld-2, and ld-3 in the 
cancer cells within the tumor mass, whereas in the normal 
pancreas faint ld-1 and ld-2 immunoreactivity and mod- 
erate to occasionally strong ld-3 immunoreactivity was 
present in some ductal cells. Pancreatic acinar and islet 
cells in the normal pancreas were devoid of ld-1, ld-2. 
and ld^3 immunoreactivity. In the cancer samples, all 
three Id proteins often colocatized in the cancer cells. 
Coexpression of all three Id genes was also observed in 
cultured pancreatic cancer cell tines, which often exhib- 
. Ited a close correlation between Id mRNA and protein 
expression. However, in MIA-PaCa-2 there was a diver- 
gence of ld-2 mRNA and protein levels, and in PANC-1 
cells, ld-3 mRNA levels did not correlate well with ld-3 
protein expression. These observations suggest that in 
these cells, the hall-life of either Id mRNA or Id protein 
may be altered by comparison with the other cell lines. 
Interestingly, ld-2 immunoblotting revealed two closely 
spaced bands of approximately 16 and 18 kd in 4 ol 5 
cell lines. In view ol the lact that two possible initiation 
codons have been reported for the ld-2 gene. 36 our 
observation raises the possibility that the two ld-2-immu- 
noreactive bands may represent separate translation 
products of the ld-2 gene. 

Pancreatic cancers often harbor p53 lumor suppressor 
gene mutations 37 and exhibit alterations in apoptosis 
pathways. Thus, these cancers often exhibit increased 
expression ol anti-apoptotic proteins such as Bcl-2 38 and 
abnormal resistance to Fas-ligand- mediated apopto- 
sis 39 II has been shown recently that forced constitutive 
expression ol id genes together wilh the expression ol 
anti-apoptotic genes such as Bcl^2 or BclX L can result in 



malignant transformation of human fibroblasts, 11 raising 
the possibility that the enhanced Id expression in pan- 
creatic cancers together with increased expression of 
anti-apoptotic genes may contribute to the malignant 
potential of pancreatic cancer cells in vivo. 

In the CP tissues there was no significant increase in 
ld-1, ld-2, and ld-3 mRNA levels in comparison to the 
normal pancreas. Immunohistochemical analysis of pan- 
creatic, cancer samples revealed colocalization of weak 
to moderate ld-1, ld-2, and ld-3 immunoreactivity in pro- 
liferating ductal cells in Ihe CP-like regions adjacent to 
the cancer cells, indicating that Id expression was not 
restricted to the cancer cells. Similarly, analysis of CP 
samples indicated weak ld-1, ld-2, and ld-3 immunore- 
activity in the cells of small proliferating ducts and large 
ducts without dysplastic changes. In general, there was a 
correlation between weak immunoreactivity and low Id 
mRNA levels. However, in samples that harbored large 
ducts with papillary structures there was moderate Id 
immunoreactivity. and in the cells forming dysplastic 
ducts there was moderate to strong Id immunoreactivity. 
In these CP samples, Id mRNA levels were relatively 
higher than in the CP samples that were devoid of these 
histological changes. Overall, however, increased Id ex- 
pression, most notably of ld-1 and ld-2, distinguished a 
subgroup of pancreatic cancers from CP (Table 1). 

Epidemiological studies have shown that the risk of 
developing pancreatic cancer is increased up to 16-fold 
in patienis with pre-existing CP in comparison to the 
general population. 40 The mechanisms that contribute to 
neoplastic transformation in CP are not known. Although 
there is no established tumor progression model for pan- . 
creatic cancer, such as Ihe adenoma-carcinoma se- 
quence of colorectal carcinoma. 41 it is generally ac- 
cepted that K-ras and p16 mutations occur relatively 
early in pancreatic carcinogenesis, whereas p53 muta- 
tions occur late in this process. 37 - 41 " 43 Increased Id ex- 
pression may contribute to malignant transformation ol 
cultured cell lines in vitro'* 1 and has been linked to cell 
invasion in a murine mammary epithelial cell line. 44 In 
view of the current findings that ld-1, ld-2, and Id: 3 are 
overexpressed in pancreatic cancer and in dysplastic/ 
metaplastic duels in CP. these observations raise the 
possibility that elevated levels of ld-1, ld-2. and. lo a 
lesser extent, ld-3 may represent relatively early markers 
ol pancreatic malignant transformation and may contrib- 
ute lo the pathobiology ol pancreatic cancer. 
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We have previously reported the construction of a constitutively active luteinizing 
hormone receptor by covalentlylinking a fused heterodimeric hormoTe t^T 

r P r e ^ 

fhe V clT? nt f° f t d0nal 'r ° f HEK 293 Cd,S * which * e expVel iw™ is under 
il CofofWr d,ne - re ^ d ^ te - Characterization of clona. ■ 
tight control of YHR express.on both by dose and time of incubation with doxvcvcline 
These experiments demonstrated a good correlation between a^S^S^ 
receptor and basai cAMP production. Moreover, the reduction i ^Z^S 
following doxycychne removal revealed that YHR mRNA and protein declye^ Ta similar 
rates, aga.n suggesong a strong linkage between mRNA and protem eveb rhe 

f^^ 

"o be aZn 2 P P T f S ° C,ated Wlth receptor activation and may prove 

lo be advantageous m developmental studies with transgenic animals. 

PMID: 14766006 [PubMed - indexed for MEDLINE] 



2003 A P r > 64 ffl:379-88. Related Articles, Links 



tnrerScience* 
y 



c-fos and estrogen receptor gene expression pattern in the rat uterine 
epithelium during the estrous cycle. 

Mendoza-Rodripiiez, CA , Merchant- Larios H , Segura-Valder MI . .VW.,,^ 

Facultad de Quimica, Universidad Nacional Autonoma de Mexico, Ciudad Universitaria 
Cpyoacan 04510, Mexico, D.F., Mexico. 

Different studies in oyariectomized estrogen treated animals support the idea that c-fos 
plays a role in the proliferation of uterine epithelial cells. However, these studies invite us 
to reassess the role played by c-fos in epithelial cell types of the endometrium during the 
estrous cycle : The present study was undertaken to determine the c-fos and estrogen 
receptor (ER) gene expression pattern in the rat uterine epithelium during the estrous 
cycle in which natural and cyclic changes of steroid hormones occur, and correlate these 
changes with the proliferation status of this cellular types. Proliferation was assessed 
during the estrous cycle using bromodeoxyuridine incorporation to DNA ERalpha and 
beta proteins were assessed by immunohistochernistry. The regulation of c-fos gene 
expression in the uterus of intact animals during the estrous cycle was evaluated using 
both in situ hybndization and immunohistochemistry. Estradiol (E(2)) and progesterone 
in*)) plasma levels were assessed by radioimmunoassay. The results indicated that 
luminal (LE)and glandular epithelia (GE) presented maximal proliferation during the 
metestrus (M) and the diestrus (D) days. However, during the proestrus (P) day only LE 
presented proliferation, and during the estrus (E) day only the stromal cells proliferated 
A marked immunosta.ning for ERalpha was detected in both LE and GE cells during the 
early phases of the cycle but diminished on the P and the E day. In contrast, ERbeta was 
undetectable m both epithelia during all stages of the cycle. The highest c-fos mRNA 
level was detected in both epithelia on the M day, followed by a significant reduction 
during the other days of the cycle. The highest protein content was observed on the M 
and D days, and the minimal value was detected on the E day. The c-Fos protein level in 
LE was increased during M and D days, presenting a high correlation with the cellular ■ 
proliferation pattern of this cell type. In conclusion, the overall results indicate that c-Fos 
protein presented a good correlation with uterine epithelial cell proliferation of LE In the 
case ot GE the same tendency was observed, although no significant correlation was 
found. Both ,n LE and GE, c-fps mRNA did not strictly correlate with its protein levels 
c-tos seems to have a postranscriptional regulation in uterine epithelial cells during the 
rats estrous cycle. Copyright 2003 Wiley-Liss, Inc. 
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[3HJMK-801 binding and the mRNA for the NMDAR1 subunit of the 
NMDA receptor arc differentially distributed in human and rat forebrain. 

Mconi P, Mugnaini M . Bunncmaua BH . Trtst DG , Bowery NG . 

Department of Pharmacology, Medical School, University of Birmingham, UK. 
meonip@novel I S.bham.ac.uk 

The distributions of [3H]MK-80l binding and the NMDA NR1 subunit mRNA were 
studied using receptor autoradiography and in-situ hybridization in rat and human brain 
whole-hemisphere coronal sections. Receptor protein detected by radioligand 
autoradiography and the mRNA for the key subunit of the receptor presented similar 
distributions in the forebrain, with a few areas showing an imbalance between the levels 
of mRNA and receptor protein. Human frontal cortex showed a relative abundance of 
NMDAR1 mRNA as compared to [3HJMK-801 binding. The same area in rat brain did 
not show any difference in the two distributions. In comparison, the rat claustnim 
presented a relative excess of NMDAR1 mRNA which was not detected in human 
sections. Human caudate nucleus exhibited relatively high levels of [3H]MK-801 binding 
that were unmatched in rat caudate. The hippocampi of either species presented similar 
levels of [3HJMK-801 binding and NMDAR1 mRNA, but when the two signals were 
measured in specific subfields of the hippocampal formation, the differential distribution 
of the two signals reflected the anatomy of hippocampal connections assuming a 
preferential dendritic distribution for MK-801 binding. Interestingly, rat and human 
hippocampi also showed some important species-dependent difference in the relative 
distribution of the receptor protein and mRNA. The data presented show an overall good 
correlation between the mRNA for the key subunit of the NMDA receptor and the 
functional receptor detected with radioligand binding and highlight the presence of local 
differences in their ratio. This may reflect different splicing of the mRNA for the 
NMDAR1 subunit in specific brain areas of rat and human. The species-dependent 
differences in the relative distribution of the mRNA for the key subunit of the NMDA 
receptor and that of a marker of functional receptors also highlights important differences 
in the NMDA function in rat and human brain. 
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Translation Initiation in Cancer: A Novel Target for Therapy 1 



Funda Meric 2 and Kelly K. Hunt . 

- Department of Surgical Oncology, The University of Texas M. D. 
Anderson Cancer Center, Houston. Texas 77030 

Abstract 

Translation initiation is regulated in response to 
nutrient availability and mitogenrc stimulation and is 
coupled with cell cycle progression and ceH growth. 
Several alterations in translational control occur m 
cancer. Variant mRNA sequences can alter the 
translational efficiency of individual mRNA molecules, 
which in turn play a role in cancer biology. Changes in' 
the expression or availability of components of the 
translational machinery 3nd in the activation of 
translation through signal transduction pathways can 
lead to more global changes, such as an increase in 
the overall rate of protein synthesis and translational 
activation of the mRNA molecules involved in cell 
growth and proliferation. We review the basic 
principles of translational control, the alterations 
encountered in cancer, and selected therapies 
targeting translation initiation to help elucidate new 
therapeutic avenues. 

Introduction 

The fundamental principle of molecular therapeutics in can- 
cer is to exploit the differences in gene expression between 
cancer cells and normal cells. With the advent of cDNA array 
technology, most efforts have concentrated on identifying 
differences in gene expression at the level of mRNA, which 
can be attributable either to DMA amplification or to differ- 
ences in transcription. Gene expression is quite complicated, 
however, and is also regulated at the level of mRNA stability, 
mRNA translation, and protein stability. 

The power of translational regulation has been best recog- 
nized among developmental biologists^ because transcription 
does not occur in early embryogenesis in eukaryotes. For ex- 
ample, in Xenopus, the period of transcriptional quiescence 
continues untfl the embryo reaches midWastuta transition, the 
4000-cell stage. Therefore, all necessary mRNA molecules are 
transcribed during oogenesis and stockpiled in a transfationaHy 
inactive, masked form The mRNA are transtationally activated 
at appropriate times during oocyte maturation, fertifoation, and 
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early embryogenests and thus, are under strict translational 
control 

Translation has an established rote in cell growth. Basi- 
cally, an increase in protein synthesis occurs as a . conse- 
quence of mrtogenesis. Until recently, however, little was 
known about the alterations In mRNA translation in cancer, 
and much is yet to be discovered about their role in the 
development and progression of cancer. Here we review the 
basic principles of translational control, the alterations en- 
countered h cancer, arid selected therapies targeting transfer- . 
tion initiation to elucidate potential new therapeutic avenues. 

Basic Principles ol Translational Control 
Mechanism of Translation initiation 
Translation initiation is the main step in translational regulation. 
Translation initiation is a complex process in which the initiator 
tRNA and the 40S and 60S ribosomal subuntts are recruited to 
the 5' end of a mRNA molecule and assembled by eukaryotic 
translation initiation factors into an 80S ribosome at the start 
codc«oftliemRNA{Rg.1). The 5' end of eukaryotic mRNA is 
capped, £a, contains the cap structure m 7 6pppN (7-methyl- 
guamisirte-tripho^ Most translation in 

eukaryotes occurs fri a cap-dependent fashion, i.e., the cap is 
specifically recognized by the elF4E, 3 which binds the 5' cap. 
The eIF4F translation initiation complex is then formed by the 
assembly of elF4E, the RNA befcase eJF4A, and eIF4G, a 
scaffolding protein that mediates the binding ol the 4 OS ribo- 
somal subunit to the mRNA molecule through interaction with 
the eiF3 protein present on the 40S ribosome. elF4A and elF4B 
participate in melting the secondary structure of the 5' UTR of 
the mRNA. The 43S initiation complex (40S/elF2/Met-tRlW 
GTP complex) scans the mRNA in a 5'->3' direction until it 
encounters an AUG start codon. This start codon is then base- 
paired to the anticodort of initiator tRNA, forming the 48S initi- 
ation complex. The initiation factors are then displaced from the 
48S complex, and the 60S. ribosome joins to form the 80S 
ribosome. 

Unlike most eukaryotic translation, translation initiation of 
certain mRNAs, such as the oncornavirus RNA, is cap inde- 
pendent and occurs by internal ribosome entry. This mecha- 
nism does not require eIF4E Either the 43S complex can bind 
the initiation codon directly through interaction with the IRES in 
the 5' UTR such as in the encepbatornyocaiditis virus, or it can 



3 The abbreviations used are: et£4E. eukaryotic inflation factor 4£; UTR, 
untranslated region; WES, internal ribosome entry site: 4E-8P1. eukaryotic 
initiation teeter 4E-bir)dirig protein 1; S6K. ribosomal p/0 S6 Kinase; mTOR. 
mamrnafian target ot raparnycirr; ATM. ataxia telangiectasia mutated; PDK, 
phosphatklylinosilol 3- kinase; PTEN. phosphatase and tensin homolog de- 
teted from Chromosome 10. PP2A. protein phosphatase 2A; TGF-03, trans- 
forming growth tector-fKJ; PAP, porytA) polymerase; EPA, ricosopentaenoic . 
acid; mrfj- 7, melanoma differ«iiiajiooassocialed gene 7. 
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Hg. 7. Translation initiation in eukaryoles. The 4E-BPs are hyperphos- 
phorytated to release e»F4E so that A can interact with the 5' cap, and the 
CIF4F initiation complex is assembled. The interaction of poty(A) binding 
protein with the initiation complex and circularizatwn ol the mRNA is not 
depicted in the diagram. The secondary structure ol the 5' UTR is melted, 
the 4 OS ribosomal subonit is bound to efF3, and the ternary complex 
consisting of elF2. GTP. and the Met-tRNA are recruited to the mRNA. The 
ribosome scans the mRNA in a 5'->3' direction until an AUG start codon 
fe found in the appropriate sequence context. The initiation factors are 
released, and the large ribosomal subunit is recruited 



initially attach to the IRES and then reach the initiation codon by 
scanning of transfer, as is the case with the pofiovirus (1). 

Regulation of Translation initiation 
Translation initiation can be regulated by alterations in the 
expression or phosphorylation status of the various factors 
involved. Key components in translatiohai regulation that 
may provide potential therapeutic targets follow. 

etRE. elF4E plays a central rote in translation regulation. 
It is the least abundant of the initiation factors and is con- 
sidered the rate-limiting component for initiation of cap- 
dependent Iranslation. elF4E may also be involved in mRNA 
splicing, mRNA 3' 'processing, and mRNA nucleocytoplas- 
mic transport (2). elF4E expression can be increased at the 
transcriptional level in response to serum or growth factors 
(3). elF4E overexpression may cause preferential translation 
of mRNAs containing excessive secondary structure in their 
5' UTR that are normally discriminated against by the trans- 



lations! machinery and thus are ^efficiently translated (4-7). 
As examples of this, overexpressibn of elF4E promotes in- 
creased translation of vascular endothelial growth factor, 
fibroblast growth factor-2, and eyefin D1 £?, 8, 9). 

Another mechanism of control is the regulation of elF4E 
phosphorylation. eIRE phosphorylatjon is mediated by the 
rnitqgen-actfvated protein kinase- interacting kinase 1 , which 
is activated by the mitogen-actrvated pathway, activating 
extracellular "signal-related kinases and the stress-activated 
pathway acting through p38 mitogen-activated protein ki- 
nase (10-13). Several mitogens, such as serum, platelet- 
derived growth factor, epidermal growth factor, insulin, 
angiotensin II, sre kinase bverexpression, and ras over- 
expression, lead to elF4E phosphorylation (14). The phos- 
phorylation status of elF4E is usually correlated with the 
transnational rale and growth status of the ceO; however, 
elF4E phosphorylation has also been observed In response 
to some cellular stresses when translations! rates actually 
decrease (15). Thus, further study is needed to understand 
the effects of elF4E phosphorylation on eIF4E activity. 

Another mechanism of regulation fe the alteration of e!F4E 
availability by the binding of elF4E to the elF4E-binding pro- 
tans (4E-BP, also known as PHAS-I). 4E-BPs compete with 
eJF4G for a.binding site in elF4E. The bfriding of elF4E to the 
best characterized elF4E-blnding protein, 4E-BP1, is regu- 
lated by 4&BP1 phosphorylation. Hypophosphorylated 4E- 
BP1 binds to elF4E, whereas 4E-BP1 hyper phosphorylation 
decreases this binding, (nsufin, angiotensin, epidermal 
growth factor, platelet-derived growth factor, hepatocyte 
growth factor, nerve growth factor, insulin- like growth factors 
I and II, ihterleukin 3, granulocyte-macrophage colony-stim- 
ulating factor + steel factor, gastrin, and the adenovirus have 
all been reported to induce phosphorylation of 4E-BP1 and 
to. decrease the ability of 4E-BP1 to bind elF4E (15. 16). 
Conversely, deprivation of nutrients or growth factors result*. . 
in 4E-BP1 dephosphorylation, an increase in elF4E binding, 
and a decrease in cap-dependent translation. 

p70 S6 Kinase. Phosphorylation of rioosomaJ 40S protein 
S6 by S6K is thought to play an important role in translational 
regulation. S6K mouse embryonic cells proliferate more 
slowly than do parental cells, demonstrating that S6K has a 
positive influence on cell proliferation (17). S6K regulates the 
translation of a group of mRNAs possessing a 5' terminal 
oligopyrffnidine tract {5' TOP) found at the 5' UTR of ribosomal 
protein mRNAs and other mRNAs coding for components of 
the translational machinery. Prtosphorybtion of S6K is regu- 
lated in part based on the avatobiBty of nutrients (18, 19) and is 
stimulated by several growth factors, such as platelet-derived 
growth factor and insulin-tike growth factor I (20). 

elF2o Phosphorylation. The binding of the initiator tRNA 
to the small ribosomal unit is mediated by translation initia- 
tion factor elF2. Phosphorylation ol the a-subunit ol elF2 
prevents formation of the etF2/GTP/Met-tRNA complex and 
inhibits global protein synthesis (21, 22). elF2a is phospho- 
rylated under a variety ol conditions, such as viral infection, 
nutrient deprivation, heme deprivation, and apoptosis (22). 
e!F2a is phosphor/ kited by heme- regulated inhibitor, nutrient- 
regulated protein kinase, and the IFr^rnduced, doubte- 
stranded RNA-activated protein kinase (PKR; Ref. 23). 
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The mTOR Signaling Pathway. The macrolide antibiotic 
rapamyctn (SiraGmus; Wyeth-Ayerst Research, Coflegeville, 
PA) has been the subject of intensive study because A in- 
htoits signal transduction pathways involved in T-ceP activa- 
tion. The rapamycin-sensltive component of these pathways 
is mTOR (also called FRAP or RATH). mTOR is the mam- 
malian homologue of the yeast TOR proteins that regulate G t 
progression and translation in response to nutrient available 
ity (24). mTOR is a serine-threonine kinase that modulates 
translation mitiation by altering the phosphorylation status of 
4E : BP1 and S6K (Rg. 2; Ref. 25). 
4E-BP1 is phospborylated on multiple residues. mTOR phos- 
. phorylates the Thr-37 and Thr-46 residues of 4E-BP1 m vitro 
(26); however, phosphorylation at these sites is not associated 
with a loss of e*F4E binding. Phosphorylatiwi of Thr-37 and 
. - Thr~4S is required for subsequent phosphorylation at several 
CC)OI I- terminal, serum- sensitive sites; a combination of these 
phosphorylation events appears to be needed to inhibit the 
binding of 4E-BP1 to eIF4E (25). The product of the A7M gene, 
P3a/MSK1 pathway, and protein, kinase Co ateo play a role in 
4E-BP1 phosphorylation (27-29). 

S6K and 4E-BP1 are also regulated, in part, by PI3K and its 
downstream protein kinase Akt. PTEN is a phosphatase that 
negatively regulates PI3K signaling. PTEN nuB cells have 
constitutivery active of Akt, with increased S6K activity and 
S6 phosphorylation (30). S6K activity is inhibited both by 
PK3K inhibitors wortmannin and LY294002 and by mTOR 
inhibitor rapamycin (24). Akt phosphorylates Ser-2448 in 
mTOR in vitro, and this site is phosphorytated upon Akt 
activation in mo (31-33). Thus, mTOR is regulated by the 
PI3K/AW pathway; however, this does not appear to be the 
only mode of regulation of mTOR activity. Whether the PI3K 
pathway also regulates S6K and 4E-BP1 phosphorylation 
independent of mTOR is controversial. 

Interestingly, mTOR autophosphorylation is blocked by wort- 
manrrai but not by rapamycin (34). This seerrwig inconsistency 
suggests that mTOR-responsive regulation of 4E-BP1 and S6X 
activity occurs through a mechanism other than intrinsic mTOR 
kinase activity. An alternate pathway for 4E-BP1 and S6K phos- 
phorylation by mTOR activity is by the inhibition of a phospha- 
tase. Treatment with cafycuBn A, an inhibitor of phosphatases 1 
and 2A, reduces rapamycin-induced dephospborytation of 4E- 
BP1 and S6K by rarjamycin (35> PP2A interacts with full-length 
S6K but not with a S6K mutant that is resistant to dephospbo- 
rytation resulting from rapamycin. mTOR phosphorytates PP2A 
in vitro: however, how this process alters PP2A activity is not 
known. These results are consistent with the model that phos- 
- phorylation of a phosphatase by mTOR prevents dephospho- 
rylatton of 4E-BP1 and S6K, and conversefy, that nutrient dep- 
rivation and rapamycin block inhibition of the phosphatase by 
mTOR. 

Polyadenylation. The pory(A) tail in eukaryoiic mRNA is 
important in enhancing translation initiation and mRNA sta- 
bility. Potyadenylation plays a key role in regulating gene 
expression during oogenesis and eaity embryogenesis. 
Some mRNA that are translationaWy inactive in the oocyte are 
poryadenylated concomitarrtry with translations! activation in 
oocyte maturation, whereas other mRNAs that are transit 
• tionalfy active during oogenesis are deadenylated and trans- 
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tetionalry silenced (36-38). Thus, control of poryCA) tail syn- 
thesis is an important regulatory step in gene expression. 
The 5' cap and pory(A) tail are thought to function synergis- 
ticaily to regulate mRNA translational efficiency (39, 40). 

RNA Packaging. Most RNA-binding proteins are' assem- 
bled on a transcript at the time of transcription, thus deter- 
mining the translations fate of the transcript (41). A highfy 
conserved family of Y-box proteins is found in cytoplasmic 
messenger ribonucleoprotein particles, where the proteins 
are thought to play a role in restricting the recmitment of 
mRNA to the translational machinery (41-43). The major 
mRNA-associated protein, YB-1, destabilizes the interaction 
of elF4E and the 5' mRNA cap m vitro, and overexpression of 
YB-1 results in translational repression in vivo (44). Thus, 
alterations in RNA packaging can also play an important rote 
in translational regulation. 

Translation Alterations Encountered in Cancer 
Three main alterations at the translational level occur in cancer 
variations in mRNA sequences that increase or decrease trans- 
lational efficiency, changes in the expression or availability of 
components of the translational machinery, and activation of 
translation through aberrantly activated signal transduction 
pathways. The first alteration affects the translation of an indi- 
vidual mRNA that may play a role in carcinogenesis. The sec- 
ond and third alterations can lead to more global changes, such 
as an increase in the overall rate of protein synthesis, arid the 
translational activation of several mRNA species. 

Variations in mRNA Sequence 

Variations in mRNA sequence attecl the translational effi- 
ciency of the transcript. A brief description of these variations 
and examples of each mechanism follow. 

Mutations. Mutations in the mRNA sequence, especially 
m the 5' UTR, can alter Hs translational efficiency, as seen in 
the following examples. 
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c-mya Sarto et ai proposed that translation off fulMength 
c-myc is repressed, whereas in several Burkitt lymphomas 
that have deletions of the mRMA 5' UTR translation of c-myc 
is more efficient (45). More recently, it was reported that the 
5' UTR of c-mvc contains an IRES, and thus c-myc transla- 
tion can be initiated by a cap-independent as welt as a 
cap-dependent mechanism (46, 47). In patients with multiple 
myeloma, a C->T mutation in the c-myc IRES was identified. 
(48) and found to cause an enhanced initiation of translation 
via internal ribosomal entry (49). 

BBCA1, A somatic point mutation (117 G->C) in position 
-3 with respect to the start codon of the BRCA1 gene was 
identified in a highly aggressive sporadic breast cancer (50). 
Chimeric constructs consisting of the wild-type or mutated 
BRCA1 5' UTR and a downstream luctferase reporter dem- 
onstrated a decrease in the transnational efficiency with the 5' 
UTR mutation. 

. CycBn-dependent Kinase Inhibitor 2A. Some inherited 
melanoma kindreds have a G->T transversion at base -34 
of cycnn-dependent kinase inhibitor- 2A, which encodes a 
cycb'n-dependent kinase 4/cyc tin- dependent kinase 6 kinase 
inhibitor important En G t checkpoint regulation (51). This 
mutation gives rise to a novel AUG translation initiation 
. codon, creating an upstream open reading frame that com- 
petes for scanning ribosomes and decreases translation 
from the wild-type AUG. 

Alternate Splicing and Alternate Transcription Start 
Sites. Alterations in splicing and alternate transcription sites 
can lead to variations in 5' UTR sequence, length, and second- 
ary structure, ultimately impacting translation^ efficiency. 

ATM. The ATM gene has four noncoding exons in its 5' 
UTR that undergo extensive alternative splicing (52) The 
contents of. 12 different 5' UTRs that show considerable 
diversity in length and sequence have been identified. These 
divergent 5' leader sequences play an important role in the 
translation^ regulation of the ATM gene. 

mdm. In a subset of tumors, overexpression of the onco- 
protein mdm2 results in enhanced translation of the mdm2 
mRNA Use of different promoters leads to two mdm2 tran- 
scripts that differ only in their 5* leaders (53). The longer 5' 
UTR contains two upstream open reading frames; and this 
mRNA is loaded with ribosomes inefficiently compared with 
the short 5' UTR, 

BBCA1. In a normal mammary gtand, BRCA1 mRNA is 
expressed with a shorter leader sequence (5'UTRa). whereas 
. m sporadic breast cancer tissue, BRCA1 mRNA is expressed 
with a longer leader sequence (5' UTRb); the transitional 
efficiency of transcripts containing 5' UTRb is 10 times lower 
than that of transcripts containing 5* UTRa (54) 

TGF-f& TGF-03 mRNA includes a I.Vkb 5' UTR, which 
exerts an inhibitory effect on translation. Many human breast . 
cancer cell lines contain a novel TGF-03 transcript with a 5' 
UTR lhat is 870 nucleotides shorter and has a 7-lold greater 
transitional efficiency than, the normal TGF-f}3 mRNA (55). 

Alternate Polyadenylotion Sites. Multiple polyadenyl- 
ahon signals leading to the generation of several transcripts 
w.th differing 3' UTR have been described lor several mRNA 
species, such as the RET proto-oncogene (56). ATM gene 
(52), tissue inhibitor of metalloproteinases-3 (57). RHOA 



proto-oncogene (58), and calmodulin-! (59). Although the 
effect' of these alternate 3' UTRs on translation is not yet 
known, they may be important in RNA-protein interactions 
that affect translations! recruitment. The role of these alter- 
ations in cancer development and progression is unknown. 



Alterations in the Components of the 
Translation Machinery 

Alterations in the components of translation machinery can 
take many forms. 

Overexpressskm of elF4E. Overexpression of elF4E 
causes malignant transformation in rodent cells (60) and the 
deregulation of HeLa cell growth (61). Polunovsky et at (62) 
found that elF4E overexpression substitutes for serum and 
individual growth factors in preserving viability of fibroblasts, 
which suggests that elF4E can mediate both proliferative and 
survivalsignaling. 

Elevated levels of elF4E mRNA have been found in a broad 
spectrum of transformed ceil lines (63). elF4E levels are 
elevated in all ductal carcinoma in situ specimens and inva- 
sive ductal carcinomas, compared with benign breast spec- 
imens evaluated with Western blot analysts (64, 65). Prelim- 
inary studies suggest that this overexpression is attributable 
to gene amplification (66). 

There are accumulating data suggesting that e!F4E overex- 
pression can be valuable as a prognostic marker. eIF4E over- 
expression was found in a retrospective study to be a marker of 
poor prognosis in stages I to III breast carcinoma (67). Verifica- 
tion of the prognostic value of e!F4E in breast cancer fe now 
under way in a prospective trial (67). However, in a different 
study, elF4E expression was correlated with the aggressive 
behavior of non-Hodgkin's lymphomas (68). In a prospective 
analysis of patients with head and neck cancer, elevated levels 
of eIF4E in histologically tumor-free surgical margins predicted 
a significantly increased risk of tocal-regtonal recurrence (9). 
These results all suggest that'elF4E overexpression can be 
used to select patients who might benefit from more aggressive 
systemic therapy. Furthermore, the head and neck cancer data 
suggest that elF4E overexpression is a field defect and can be 
used to guide local therapy. 

Alterations in Other Initiation Factors. Alterations fri a 
number of other initiation factors have been associated with 
cancer. Overproduction of elF4G, similar to elF4E, leads to 
malignant transformation in vitro (69). e!F-2o is found in 
increased levels in bronchioloatveolar carcinomas of the lung 
(3). Initiation factor elF-4A1 is overexpressed in melanoma 
(70) and hepatocellular carcinoma (71). The p40 subunit of 
translation initiation factor 3 is amplified and overexpressed 
in breast and prostate cancer (72), and the elF3-p1 10 subunit 
is overexpressed in testicular seminoma (73). The role thai 
overexpression of these initiation factors plays on the devel- 
opment and progression of cancer, il any, is not known. 

Overexpression of S6K. S6K is amplified and highly 
overexpressed in the MCF7 breast cancer cell line, com- 
pared with normal mammary epithelium (74). In a study by 
. Barlund ef a/. (74), SGK was amplified in 59 of 668 primary 
breast tumors, and a statistically significant association was 
observed between amplification and poor prognosis. 
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Overejtpresston of PAP. PAP cataiyzes 3' poly(A). syn- 
thesis. PAP is over expressed in human cancer ceDs com- 
pared with normal and viratty transformed cells (75). PAP 
enzymatic activity in breast tumors has been correlated with 
PAP protein levels (76) and, in mammary tumor cytosols, was 
found to be an independent factor for predicting survival (76). 
Little is known, however, about how PAP expression or ac- 
tivity affects the transitional profile. 

Alterations in RN A- binding Proteins. Even less is known 
about alterations in RNA packaging in cancer. Increased ex- 
pression and nuclear localization of the RNA-binding protein 
YB-1 are indicators of a poor prognosis for breast cancer (77), 
non-small cell lung cancer (78), and ovarian cancer (79). How- 
ever, this effect may be mediated at (east in part at the level of 
transcription, because YB-1 increases chemoresistance by en- 
hancing the transcription of a multidrug resistance gene (80). 

Activation of Signal transduction Pathways 
Activation of signal transduction pathways by loss of tumor 
suppressor genes or overexpression of certain tyrosine kinases 
can contribute to the growth and aggressiveness of tumors. An 
important mutant in human cancers is the tumor suppressor 
gene PTEN. which . leads to the activation of the Pt3K/Akt path- 
way. Activation of PI3K and Akt induces the oncogenic trans- . 
formation of chicken embryo fibroblasts. The transformed cells 
show constitutive phosphorylation of SGK and of 4E-BP1 (81). 
. A mutant Akt that retains kinase activity but does not phos- 
pborytate S6K or 4E-BP1 does not transform fibroblasts, which 
suggests a correlation between the oncogenicity of PI3K and 
Akt and the phosphorylation of S6K and 4E-BP1 (81). 

Several tyrosine kinases such as platelet-derived growth 
factor, insulin-like growth factor, HER2/neu, and epidermal 
growth factor receptor are overex pressed in cancer. Be- 
cause these kinases activate downstream signal transduc- 
tion pathways known to alter translation initiation, activation 
of translation is likely to contribute to the growth and aggres- 
siveness of these tumors. Furthermore, the mRNA for many 
of these kinases themselves are under translational control. 
For example, HER2/neu mRNA is translationally controlled 
both by a short upstream open reading frame that represses 
HER2/neu translation in a cell type-independent manner and 
by a distinct cell type-dependent mechanism that increases 
translational efficiency (82). HER2/neu translation is different 
in transformed and normal cells. Thus. it is possible that 
alterations at the translational level can. in part account for 
the discrepancy between HER2fneu gene amplification de- 
tected by fluorescence in situ hybridization and protein levels 
detected by immunohistochemical assays. 



Translation Targets of Selected Cancer Therapy 
Components of the translation machinery and signal path- 
ways involved in the activation of translation initiation repre- 
sent good targets lor cancer therapy. 

Targeting the mTOR Signaling Pathway: Rapamycin 
and Tumstatin 

Rapamycin inhibits the proliferation of lymphocytes. It was 
initially developed as an immunosuppressive chug lor organ 



transplantation. Rapamycin with FKBP 12 (FK506- binding 
protein, M r 12,000) binds to mTOR to inhibit its function. 

Rapamycin causes a small but significant reduction in the 
Initiation rate of protein synthesis (83). It blocks cell growth in 
part by blocking 56 phosphorylation and selectively sup- 
pressing the translation of 5' TOP mRNAs, such as ribosomal 
proteins, and elongation factors (83-85). Rapamycin also 
blocks 4E-BP1 phosphorylation and inhibits cap-dependent 
but not cap-independent translation (17, 86). 

The raparnycrrvsensitive signal transduction pathway, acti- 
vated during malignant transformation and cancer progression, 
is how being studied as a target for cancer therapy {87). Pros- 
tate, breast, small ceil lung, gJiobtestoma, melanoma, and T-ceD 
leukemia are among the cancer lines most sensitive to the 
rapamycin analogue CCl-779 (Wyeth-Ayerst Research; Ref. 
87). In rhabdomycosarcoma cell lines, rapamycin is either cyto- 
static or cytoridal, depending on the p53 status of the cell; p53 
wild-type cells treated with rapamycin arrest in the 6, phase 
and maintain their viability, whereas p53 mutant cells accumu- 
late in G, and undergo apoptosis (88, 89). In a recently reported 
study using human primitive neuroectodermal tumor and 
jnedulloblastoma models, rapamycin exhibited more cytotox- 
icity in combination wilh tisplattn and camptothecin than as a 
single agent In vivo, CCt-779 delayed growth of xenografts by 
160% after 1 week of therapy and 240% after 2 weeks. A single 
high-dose administration caused a 37% decrease in tumor 
volume. Growth inhibition in vivo was 1.3 times greater, with 
cisplatin in combination with CCJ-779 than with cisplatin alone 

(90) . Thus, preclinical studies suggest thai rapamycin ana- 
logues are useful as single agents and in combination with 
chemotherapy. 

Rapamycin analogues CCl-779 and RAD001 (Novartis, 
Basel, Switzerland) are now in clinical trials. Because ot the 
known effect of rapamycin on lymphocyte proliferation, a 
potential problem with rapamycin analogues is immunosup- 
pression. However, although prolonged immunosuppression 
can result from rapamycin and CCl-779 administered on 
continuous-dose schedules, the immunosuppressive effects 
of rapamycin analogues resolve in —24 h after therapy 

(91) . The principal toxicities of CCl-779 have included der- 
matological toxicity, myelosuppression, injection, mucositis, 
diarrhea, reversible elevations in liver function tests, hyper : 
glycemia, hypokalemia, hypocalcemia, and depression (87. 
92-94). Phase II trials of CCl-779 have been conducted in 
advanced renal cell carcinoma and in stage Hl/IV breast 
carcinoma patients who failed with prior chemotherapy. In 
the results reported in abstract form, although there were no 
complete responses, partial responses were documented in 
both renal cell carcinoma and in breast carcinoma (94, 95). 
Thus, CCl-779 has documented preliminary clinical activity in 
a previously treated, unselected patient population. 

Active investigation is under way into patient selection lor 
mTOR inhibitors. Several studies have found an enhanced 
efficacy ot CCl-779 in PTEN-null tumors (30, 96). Another 
study found thai six of eight breast cancer cell lines were 
responsive to CCl-779, although only two of ihese lines 
lacked PrEN (37) There was, however, a positive correlation 
between Akt activation and CCl-779 sensitivity (97). This 
conelation suggests that activation ol the PI3K-AW pathway. 
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regardless of whether K is attributable to a PTEN mutation or 
to overexpression of receptor tyrosine kinases, makes can- 
cer cell amenable to mTOR- directed therapy. In contrast, 
lower levels ol the target of mTOR, 4E-BP1, are associated 
with rapamycin resistance; thus, a lower 4E-BP1/elF4E ratio 
may predict rapamycin resistance (98). 

Another mode of activity for rapamycin and its analogues 
appears to be through inhibition of angiogenesis. This activ- 
ity may be both through direct inhibition of endothelial celt 
proliferation as a result of mTOR inhibition in these cells or by 
inhibition of translation of such proangiogenk: factors as 
vascular endothelial growth factor in tumor cells (99, 100). 

The angiogenesis inhibitor tumstatin, another anticancer 
drug currently under study, was also found recently to inhibit 
translation in endothelial cells (101). Through a requisite in- 
teraction with integral, tumstatin inhibits activation of the 
Pt3K/Akt pathway and mTOR in endothelial cete and pre- 
vents dissociation of elF4E from 4E-BP1, thereby inhibiting 
cap-dependent translation. These findings suggest that en- 
dothelial cells are especially sensitive to therapies targeting 
the.mTOR-signafing pathway. 

Targeting elFZcc EPA, Clotrimazole, mda-7, 
and Ftavonoids 

EPA is an n-3 polyunsaturated tatty acid found in the fish- 
based diets of populations having a low incidence of cancer 
(102). EPA inhibits the proliferation of cancer cells (103), as 
well as in animal models (104, 105). It blocks cell division by 
inhibiting translation initiation (105). EPA releases Ca 2 * from 
intracellular stores while inhibiting their refilling, thereby ac- 
tivating PKR. PKR, in turn phosphorylates and inhibits eIF2a, 
resulting in the inhibition of protein synthesis at the level of 
translation initiation. Similarly, clotrimazole, a potent antipro- 
liferative agent in vitro and in vivo, inhibits cell growth through 
depletion of Ca 2 " stores, activation of PKR, and phospho- 
rylation of elF2a (106). Consequently, clotrimazole preferen- 
tially decreases the expression of cyclins A E, and D1, 
resulting in blockage of the cell cycle in G v 

mda-7 is a novel tumor suppressor gene being developed 
as a gene therapy agent. Adenoviral transfer of mda~7 (Ad- 
mda7) induces apoptosis in many cancer cells including 
breast, colorectal, and lung cancer (107-109). Ad-mda7 also 
induces and activates PKR, which leads to phosphorylation 
of elF2a and induction of apoptosis (110). 

Flavonoids such as genistein and querceth suppress tu- 
mor cell growth. All three mammalian eIF2a kinases, PKR, 
heme- regulated inhibitor, and PERK/PEK, are activated by 
flavonoids. with phosphorylation of etF2o and inhibition of 
protein synthesis (111). 

Targeting elF4A and elF4E: Antisensc RNA 
and Peptides 

Antisense expression of eIF4A decreases the proliferation rate 
ot melanoma cells (1 12). Sequestration of eIF4E by overexpres- 
sion ot 4E-BP1 is proapoptotic and decreases tumorigenicrty 
(113, 114). Reduction of eIF4E with antisense RNA decreases 
soft agar growth, increases tumor latency, and increases the 
rates of tumor doubling times (7). Antisense elF4E RNA treat- 



ment also reduces the expression of angiogenic factors (1 15) 
and has been proposed as a potential adjuvant therapy for head 
and neck cancers, particuterty when elevated elF4E is found in 
surgical margins. SmaD molecule inhibitors that bind the elf AG/ 
4^BP1-bindrw9 domain of elF4E are proapoptotic (116) and 
are also being actively pursued 

Exploiting Selective Translation for Gene Therapy 
A different therapeutic approach that takes advantage of the 
enhanced cap-dependent translation in cancer cells is the use 
of gene therapy vectors encoding suicide genes with highly 
structured 5' UIR These mRNA would thus be at a competitive 
disadvantage in normal cells and not translate weH, whereas in 
cancer cells, they would translate more efficiently. For example, 
the irrtroo^jction of the 5' UTR of fibroblast growth f actor-2 5' to 
the coding sequence of herpes simplex virus type-1 thymidine 
kinase gene, allows for selective translation of herpes simplex 
virus type-1 thymidine kinase gene in breast cancer cell lines 
compared with norma) mammary cell lines and results in se- 
lective sensitivity to ganciclovir (117). 

Toward the Future 

Translation is a crucial process in every celt. However, several 
alterations in translationa! control occur in cancer. Cancer cells 
appear to need an aberrantly activated translationa! state for 
survival, thus allowing the targeting of translation initiation with 
surprisingly low toxicity. Components of the translationa! ma- 
chinery, such as elF4E t and signal transduction pathways in- 
volved in translation initiation, such mTOR, represent promising 
targets for cancer therapy. Inhibitors of the mTOR have already 
shown some preliminary activity in clinical trials. It is possible 
that with the development of better predictive markers and 
better patient selection, response rates to single-agent therapy 
can be improved. Similar to other cytostatic agents, however, 
mTOR inhibitors are most likely to achieve clinical utility in 
combination therapy. In the interim, our increasing understand- 
ing of translation initiation and signal transo*uction pathways 
promise to lead to the identification of new therapeutic targets 
in the near future. 
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Overexpression of chemokines, fibrogenic cytolcincs, and myofibroblasts in 
human membranous nephropathy. 

Meszano SA , Dro guer* M A, Burgos ME, Ardiles LG . Aros CA jf^orsH[ F^jjnJ 

Division of Nephrology, School of Medicine, Universidad Austral, Valdivia, Chile. 
smezzano@uach.cl 

Overexpression of chemokines, fibrogenic cytokines, and myofibroblasts in human 
membranous nephropathy BACKGROUND: Proteinuria plays a central role in the 
progression of glomerular disease, and there is growing evidence suggesting that it may 
determine tubular cell activation with release of chemokines and fibrogenic factors, 
leading to interstitial mflammatory reaction. However, most studies on this subject'have 
been performed in experimental models, and the experience in human kidney biopsies 
has been scarce. We analyzed the tissue sections of patients with idiopathic membranous 
nephropathy (IMN), a noninflammatory glomerular disease that may follow a progressive 
disease with heavy persistent proteinuria, interstitial cell infiltration, and decline of renal 
function. METHODS: Paraffin-embedded biopsy specimens from 25 patients with IMN 
(13 progressive and 12 nonprogressive) were retrospectively studied by 
immunohistochemistry [monocyte chemoattractant protein- 1 (MCP-1), regulated on 
activation normal T-cell expressed and secreted chemokine (RANTES), osteopontin 
(OPN), platelet-derived growth factor-BB (PD-GF-BB)] and in situ hybridization [MCP- 
l, RANTES, PDGF-BB, transforming growth factor-betal (TGF-betal)]. Moreover, we 
studied the.presence of myofibroblasts, which were identified by die expression of alpha- 
smooth muscle actin (alpha-SMA), the monocytes/macrophages (CD68-positive cells), 
and T-cell infiltration (CD4+ and CD8+ cells). All of the patients were nephrotic and ' 
without treatment at time of the biopsy. RESULTS: A strong up-regulation of MCP-1 , 
RANTES, and OPN expression was observed, mainly in tubular epithelial cells, with a 
significant major intensity in the progressive IMN patients. A strong correlation between 
the mRNA expression and the corresponding protein was noted. The presence of these 
chemokines and OPN was associated with interstitial cell infiltration. TGF-beta and 
PDGF were also up-regulated, mainly in tubular epithelial cells, with a stronger 
expression in the progressive IMN, and an association with the presence of 
myofibroblasts was found. CONCLUSIONS: Patients with severe proteinuria and 
progressive IMN have an overexpression in tubular epithelial cells of the chemokines . 
MCP-1, RANTES, and OPN and the profibrogenic cytokines PDGF-BB and TGF-beta. 
Because this up-regulation was associated with an interstitial accumulation of 
mononuclear cells and an increase in myo fibroblastic activity, it is suggested that those 
mediators are potential predictors of progression in IMN. Finally, based on experimental 
data and the findings of this article, we speculate that severe proteinuria is the main factor 
responsible for the up-regulation of these factors in- tubular epithelial cells. 
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Decreased uncoupling protein expression and intramyocytic triglyceride 
depiction in formerly obese subjects. 

Mu^.I^Gr^AV, V^N, CastagnetoM, 

Istituto di Clinica Medica and. Clinica Chirurgica and Centro CNR Fisiopatologia Shock 
Univers.taCatto!.caSCuore ( Rome, rtaly.gmingrone@rm.unicatt.it ^ ock - 

Pr?S CTIVE: T ° ^ amine muscu,ar uncoupling protein expression 2 (UCP2) and 

gene expression in morbid obese subjects before and after bariatric surgery fbilio- 
pancreatic diversion (BPD)]. RESEARCH" METHODS AND PROCEDURES Eleven 

±f !*f?f (BM \ V^ 7 " 2 ks/m{2)) Were studied before Bp D and 24 months after 
BPD. Skeletal muscle UCP2 and UCP3 mRNA was measured using reverse 
transcnptase-competitive polymerase chain reaction and UCP3 protein by Western 
blotting. Intramyocytic triglycerides were quantified by high-performance liquid 
chromatography. Twenty-four-hour energy expenditure and respiratory quotient (ROV 
were measured in a respiratory chamber. RESULTS: After BPD, the average weigh? loss 
^"STTS**. 38% - Non P rotein R Q ™» * postobese subjects (0 73 
t a ? ,?niy; 0 ;° o 2 ' P f ° ° 0,) - ^ triglyceride level d/oppe (3.66 

UC?2 fnd ICP, S mg/10 ° m I ° f fr6Sh tiSSUC > P K ° 0001 > after B PD. Expression of 
UCPZ and UCP3 mRNA was significandy reduced (from 35.9 +/- 6.1% to 1 8 6 +/- 4 5% 
ofcyclophdm, p = 0.02; from 60.2 +/- 14.0% to 33.4 +/- 8.596, p = 0.03; respectively^ 
UU J protem content was also significantly reduced (272.19 +/- 84 13 vs 175 78 +/ 

u'luf^-'nn^? 41 A muUip,e re 8 ression ****** (R(2) = 0.90) showed that hMTG 

03 " 0; 007 ) ^Presented the most powerful independent variable for predicting 
UCP3 vanat 10 n. DISCUSSION: The strong correlation of UCP expression^ decrease 

CV %3f tS ^ ^g'y^e intent plays an even more important role in 
are regulation of UCP gene expression than the circulating levels of free fatty acids or the 
achieved degree of weight loss. . 
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Differential expression of the short and long forms of the gamma 2 sufaunit 
of the GABAA/beuzodiazepine receptors. 

MiraUes CP , Gutierrez A , IQianZU, yitorica J, De Bias AL . 

Division of Molecular Biology and Biochemistry, School of Biological Sciences 
Uni versity of Missouri-Kansas City 641 10-2499. ' 

The distribution of the mRNAs encoding the gamma 2S and gamma 2L subunits of the 

T, ™\ rece P tor ,n the rat *>rain has been revealed by in situ hybridization, northern blot 
and dot blot analysis using specific antisense oligonucleotides, In addition the 
quantitauve distribution of the gamma 2S and gamma 2L subunit peptides participating in 
the fully assembled GABAA receptor^enzodiazepine receptors has been mapped by 
immunoprecipitation with specific anti-gamma 2S and anti-gamma 2L antibodies 
Several neuronal types and brain regions are enriched in gamma 2L such as neurons of 
the layer II of striate cortex and cerebellar Purkinje cells as well as the inferior colliculus 
superior colliculus, deep cerebellar nuclei, medulla and pons. Other neuronal types and ' 
regions are enriched in gamma 2S such as the mitral cells of the olfactory bulb, pyramidal 
neurons of the pynform cortex, layer VI of the neocortex, granule cells of the dentate 
gyrus and pyramidal cells of the hippocampus. Other cortical areas and cerebellar granule 
cells express both gamma 2S and gamma 2L in comparable amounts: There is a good 
correlation between the relative expression of gamma 2S and gamma 2L mRNAs and the 
relative presence of these protein subunits in fully assembled and mature receptors in the 
stud.ed bram regions. The differential distribution of gamma 2S and gamma 2L might 
result m different^! ethanol sensitivity of the neurons expressing these GABAA receptor 
subunits. 1 
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Follicle-Stimulating Hormone Receptor and Its Messenger Ribonucleic Acid Are 
Present in the Bovine Cervix and Can Regulate Cervical Prostanoid Synthesis 1 

D. Mizrachi and M. Shemesh 2 

Department of Hormone Research, Kimron Veterinary Institute, Bet Dagan, Israel 50250 



ABSTRACT 

The hypothesis that FSH regulates the bovine cervical pros- 
taglandin E 2 (PCE 2 ) synthesis that is known to be associated with 
cervical relaxation and opening at the time of estrus was inves- 
tigated. Cervical tissue from pre-estrous/estrous, luteal, and 
postovulatory cows were examined for 1) the presence of bovine 
(b) FSH receptor (R) and its corresponding mRNA and 2) the 
effect of FSH on the PGE 2 regulatory pathway in vitro. The pres- 
ence of bFSHR mRNA in the cervix (maximal during pre-estrus/ 
estrus) was demonstrated by the expression of a reverse tran- 
scription (RT) polymerase chain reaction (PCR) product (384 
base pairs) specific for bFSHR mRNA and sequencing. Northern 
blotting revealed three transcripts (2.5, 3.3, and 3.8 kilobases 
[kb]) in cervix from pre-estrous/estrous cows. The level of FSH R 
(75 kDa) was significantly higher (p < 0.01) in Western blots of 
pre-estrous/estrous cervix than in other cervical tissues. There 
was a good correlation between the 75-kDa protein expression 
and its corresponding transcript of 2.55 kb throughout the es- 
trous cycle as described by Northern blot analysis as well as RT- 
PCR. Incubation of FSH (10 ng/ml) with pre-estrous/estrous cer- 
vix resulted in a 3-fold increase in the expression of FSHR and 
a 2-fold increase in both C protein (otj and cyclooxygenase II. 
FSH (5-20 ng/ml) significantly increased (p < 0.01) cAMP, ino- 
sitol phosphate (p < 0.01), and PGE 2 (p < 0.01) production by 
pre-estrous/estrous cervix but not by cervix at the other stages. 
We conclude that bovine cervix at the time of the peripheral 
plasma FSH peak (pre-estrus/estrus) contains high levels of 
FSHR and responds to FSH by increasing the PGE 2 production 
responsible for cervical relaxation at estrus. 

INTRODUCTION 

FSH and LH are the two known pituitary hormones that 
regulate gonadal functions. FSH is essential for female fer- 
tility, specifically for folliculogenesis, and human ovarian 
failure has been related to mutations both in the FSH re- 
ceptor (FSHR) and in the FSHp gene [1]. However, unlike 
LH, for which extra-gonadal binding has been documented 
for the uterus in the'cow [2], pig [3], and human [4], no 
extra-gonadal effects of FSH have been reported. The uter- 
ine LH receptors have been shown to be physiologically 
active in the cow [2, 5]. The concentration of uterine LH 
receptors is related to the phase of the cycle, and binding 
of LH to uterine receptors increases uterine prostaglandin 
synthesis [2, 5], Preliminary observations in our laboratory 
indicated that both FSH and LH receptors are also present 
in the cervix. We therefore investigated whether FSHRs are 
associated with the regulation of cervical prostaglandin, 
particularly around the time of estrus, when both cervical 
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PGE 2 production [6] and peripheral FSH concentrations are 
maximal. 

The present investigation was therefore conducted to de- 
termine the presence of FSHR and its mRNA, and its phys- 
iological activity, in the bovine reproductive tract. Since the 
cervix is a prostaglandin Ei (PGEj)- and PGE 2 -sensitive 
tissue and responds to hormonal stimulation, we also de- 
termined whether FSH could increase cervical cyclooxy- 
genase. expression and production of PGE 2 in vitro, partic- 
ularly at the time near estrus. 

MATERIALS AND METHODS 

Animals 

Cervical and ovarian tissues were collected from Hol- 
stein cows at a local abattoir. The stage of the cycle was 
determined according to signs of ovulation and the status 
of corpora lutea (CL; weight, color). These parameters al- 
lowed the classification of the cervix into three groups: 1) 
pre-estrous/estrous (follicular, 18-20 days postovulation; 
regressed CL < 1.0 g; presence of cervical mucus; n = 
54); 2) postovulatory (1-4 days postovulation; presence of 
corpora hemorrhagica; signs of follicular rupture; n = 35), 
and 3) luteal (12-16 days postovulation; CL 4-6 g; n = 
44). Bovine granulosa cells were collected from pre-es- 
trous/estrous follicles and used as a positive control for 
FSHR expression [7]. 

The cervix external os segment was taken as the initial 
3 cm of the cervix (total length of cervix is about 9 cm). 
The cervical os segments, primarily luminally oriented 
muscularis with epithelium, were sliced into horizontal 
strips (1 cm in length), pooled, and minced finely with a 
scalpel. The Kimron Veterinary Institute Animal Care and 
Use Committee approved all procedures. 

FSHR Gene Expression 

RNA isolation. Bovine cervical or ovarian tissues were 
rapidly dissected and frozen in liquid nitrogen (within 20 
min after slaughter). Total RNA was extracted using the 
acid phenol, guanidine thiocyanate technique [8], using 
TriReagent (Molecular Research Center, Inc., Cincinnati, 
OH) according to the manufacturer's instructions. 

Reverse transcription (RT)-polymerase chain reaction 
(PCR). Bovine FSHR mRNA was detected as previously 
described for the LH receptor mRNA [5]. Oligonucleotides 
corresponding to the published sequence of the bovine 
FSHR [7] were synthesized and used as primers in a PCR 
reaction. Bovine ovarian and cervical tissue. cDNA ob- 
tained by RT of 2 \ig RNA was used as a template in the 
PCR reaction using a pair of primers corresponding to the 
transmembrane segments of the FSHR. The primers, 20- 
mer each, were selected using the OLIGO Program (Oligo 
Rl primer analysis software; National Biosciences, Plym- 
outh, MN). The forward primer corresponded to position 
1399-1419 (5'CGGCTTTTTCACTGTCTTTG3') on the 
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bovine FSHR mRNA [7]. The reverse primer was a 20-mer 
oligonucleotide complementary to position 1763-1783 
(5'CGCTTGGCTATCTTGGTGTC3'). The predicted size 
of the RT-PCR product was 384 basepairs (bp). Four mi- 
croliters of the RT reaction were used as a template for 
PCR; the reaction was allowed to proceed 35 cycles using 
2 U Termus Aquaticus DNA polymerase (recombinant) 
provided by MBI Fermentas, Vilnius, Lithuania, and 200 
pmol of each primer. The cycling parameters of the PCR 
were 98°C for 20 sec, 56°C for 45 sec, and 72°C for 45 
sec. After amplification the samples were separated on a 
1% agarose gel, stained with ethidium bromide, and pho- 
tographed under UV light. The 384-bp fragment was ex- 
tracted using the Wizard PCR Preps Kit (Promega, Madi- 
son, WI) and sequenced with the upper primer using an 
automatic sequencer (Applied Biosystems, Foster City, 
CA). For internal control, a bovine p-actin fragment of 890 
bp was produced from an upper primer (5'ACCA- 
ACTGGGACGACATGGAG3'; 21 mer) and a lower prim- 
er (5 'GCATTTGCGGTGG ACAATGGA3 ' ; 21 mer) as pre- 
viously described [5]. Each PCR amplification was stan- 
dardized using ovarian granulosa cDNA to produce a spe- 
cific band of the predicted size. Standardization was based 
on temperature, cycle number, Mg level, and pH. 

Western Blots 

Cervical, bovine seminal vesicle, or muscle minces were 
sonicated for 45 sec, lysed in 500 pJ lysing buffer (1% 
Nonidet-40 [Sigma, St. Louis, MO], 2 mM EGTA, 5 n'M 
MgCl ? , I mM PMSF in PBS) and incubated for 2 h at 4°C. 
After centrifugation, aliquots were taken for protein deter- 
mination using gamma globulin (Sigma) as reference stan- 
dard [9] and a protein dye binding method (Bio-Rad Lab- 
oratories, Richmond, CA). Sixty micrograms of protein of 
the soluble tissue extract was then separated by electropho- 
resis on 5-9%-gradient SDS-PAGE and electroblotted onto 
nitrocellulose paper (Amersham, Little Chalfont, Bucks, 
UK) as described previously [9]. The nitrocellulose mem- 
brane was washed with PBS containing 0.05% TWEEN-20 
and blocked with 10% horse serum (Kimron Veterinary In- 
stitute) in washing solution. The nitrocellulose membrane 
was then treated with either 1) an anti-peptide antibody 
(code name 179) raised against human (h) FSHR peptide 
265-295, diluted 1:500 (donation of Dr. LA. Dias, Wads- 
worth Center, New York State Department of Health); 2) 
rabbit antiserum for bovine G protein (a s ) diluted 1:1000; 
UB1, Lake Placid, NY); or 3) rabbit anti-bovine cycloox- 
ygenase polyclonal antiserum (diluted 1:200; Kimron Vet- 
erinary Institute) [9]. Different dilutions were used for each 
antibody, and the final dilution used was 75% of the dilu- 
tion, which gave a maximal signal as previously described 
[9]. The nitrocellulose paper was then incubated with horse- 
radish peroxidase-conjugated goat anti-rabbit IgG (Sigma 
Israel, Rehovot, Israel; diluted 1:2000 in washing buffer) 
for 1 h at room temperature. The presence of FSHR, G 
protein (a s ), or cyclooxygcnase was then visualized by 
means of a color reaction as follows. The nitrocellulose 
paper was incubated in a substrate solution containing 3'3'- 
diaminobenzidine (0.5 mg/ml; Sigma) in a mixture of PBS 
containing 0.5% CaCl 2 and 6% H 2 0 2 . The antibody to 
hFSHR recognized the 75-kDa protein of the FSHR. The 
antibody to G (ot s ) recognized both the 42-kDa and 87-kDa 
forms of this protein, and the antibody to cyclooxygcnase 
recognized the 72-kDa form (cyclooxygcnase 11). Extract 
of bovine seminal vesicles that are known to have a high 



content of cyclooxygenase was used as positive control as 
previously described [9]. The densitometries scans were ob- 
tained using a bio-imaging system (B.I.S. 2020; Rhenium 
Dingo, Jerusalem, Israel) and processed with Tina 2.0 soft- 
ware (Fuji, Japan). Linearity of detection [9] was deter- 
mined for densitometry for both Western and Northern 
blots. Each Western blot was evaluated in the absence of 
the first antibody, and no signal was detected. 

Northern Blot Analysis 

For Northern blots, 10 p-g of total RNA was denatured 
in 20 |xl 50% formamide/2.2 M formaldehyde in single- 
strength 3-(/7-morpholino) propanesulfonic acid (MOPS) 
buffer (0.04 M MOPS, 10 mM sodium acetate, 1 mM 
EDTA) at 65°C for 10 min. Samples were placed on ice, 
and 5 \l\ of loading buffer (0.5% SDS, 0.25% bromophenol 
blue, 25% glycerol, 25 mM EDTA) was added. Samples 
were subjected to electrophoresis through a 1.2% agarose 
formaldehyde gel and transferred by capillary blotting to 
nylon membranes (Nytran; Schleicher and Schuell, Keene, 
NH). RNA was subsequently UV cross-linked to mem- 
branes. The RT-PCR product fragments of 384 bp for 
FSHR and 890 bp for p-actin were used to generate bioti- 
nylated probes using random primer biotin labeling of DNA 
for chemiluminescence (NEBlot phototype kit; Biolabs, 
Beverly, MA) according to the manufacturer's instructions. 
The blotted membrane was prehybridized at 65°C for 1 h 
in prehybridization solution (6-strength SSC [3 M NaCl, 
0.3 M sodium citrate], 5-strength Denhardt's reagent [1% 
ficoll, 1% polyvinylpyrrolidone, 1% BSA], 0.5% SDS, and 
100 jxg/ml denatured salmon sperm DNAs) and hybridized 
overnight in the same solution with the denatured biotiny- 
lated probe to the target RNA. The membrane was then 
washed in double-strength SSC, 0.1% SDS at room tem- 
perature for 10 min and washed again in 0.1 -strength SSC, 
0.1% SDS at 68°C for 15 min followed by subsequent 
chemiluminescence, development, and detection on x-ray 
film (RX; Fuji Film, Tokyo, Japan). To obtain quantitative 
data for the specific mRNA, we used the densimetric value 
for p-actin mRNA to normalize each specific mRNA value. 
To remove FSHR probe, membranes were stripped using 
water for 15 min, then incubated in 0.4 M NaOH, 0.1% 
SDS at 80°C for 30 min. The membrane was rinsed again 
in 0.2 M Tris-HCl, 0.1 -strength SSC for 30 min at 25°C. 
After stripping, prehybridization and hybridization with p- 
actin probe were performed as described for FSHR mRNA. 

Cyclic AMP Determinations 

Cervical tissue minces (50 mg/ml) were incubated for 
10 min in wells of L5 ml containing 1.0 ml of Tissue Cul- 
ture Medium- 199 (TCM-199 without serum (Biological In- 
dustries, Beit Haemek, Israel) in the absence or presence 
of physiological (5, 10 ng/ml) and pharmacological doses 
(20, 40 ng/ml) of FSH (USDA-bFSH-8-1; no further in- 
crease in cAMP production was seen at 50 or 100 ng/ml) 
or forskolin, a stimulator of adenylate cyclase (10 pJvl; Sig- 
ma). The dose of forskolin was selected to give a 3-fold 
increase in cAMP. At the end of the incubation, tissues were 
removed, blotted on filter paper to remove mucus, and in- 
cubated overnight at 4°C with 400 jxl of 3% HC10 4 . The 
solution was then neutralized with 150 jxl of KHC0 3 and 
centrifuged, and 50-jxI aliquots were taken for the radiore- 
ceptor assay as described by Brown et al. [10] and modified 
for endometrium by Miyazaki et al. [11]. Standards (0- 
1000 pg of cAMP) or samples were incubated at room tern- 
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FIG. 1 . RT-PCR amplification of bovine cervix FSHR and p-actin mRNA. 
RT-PCR was performed as described in Materials and Methods for FSHR 
and p-actin. Separate RT-PCR amplification products of FSHR (estimated 
384 bp) and p-actin (estimated 890 bp) were combined and separated on 
agarose gel electrophoresis and stained with ethidium bromide. RT-PCR 
was performed using 2 |xg RNA of bovine granulosa cells as a positive 
control (lane 1), cervical tissue at the pre-estrous/estrous (lanes 3-4), post- 
ovulatory (lanes 5-6), and luteal phases (lanes 7-8). Lanes 9-1 0 represent 
reamplification, using as template the PCR product, cDNA, from the lu- 
teal -phase amplification. Lane 2 represents negative control in the ab- 
sence of RNA. The tissue was taken from 4 cows at each stage of the 
estrous cycle, and two representative samples from each stage are shown. 
SM, size markers. 



perature with 100 |xl of cAMP binding protein prepared 
from bovine adrenal extracts as described [10]. The buffer 
used for the assay was added to form a final reaction vol- 
ume of 400 yA. After 2-h incubation in a cold room, the 
reaction was stopped by adding 300 |xl of a charcoal-dex- 
tran solution; centrifugation followed, and the supernatant 
was removed for counting in a scintillation counter. The 
sensitivity of the assay was 60 pg/tube. Quadruplicate as- 
says were made for each value determined. The within- 
assay and between-assay coefficients of variance were 8% 
and 10%, respectively. 



1401 

BTFSH GCTTTTTCAC TGTCTTTGCC AGTGAGCTCT CAGTCTACAC TCTGACCGCC 
Cervix GCTTTTTCAC TGTCTTTACT AGTGAGCTCT CAGTCTACAC TCTGACCGCC 

BTFSH ATCACGCTGG AAAGATGGCA TACCATCACC CATGCCATGC AGCTCGAATG 
Cervix ATCACGCTGG AAAGATGCCA TCCCATCACC CGTGCCATGC AGCTCGAATG 

BTFSH CAAAGTGCAG CTCCGCCATG CTGCCAGCAT CATGCTGGTG GGCTGGATCT 
Cervix CAAAGTGCAG CTCCGCCATG CTGCCAGCAT CATGCTGGTG GGCTGGATCT 

BTFSH TTGCTTTTGC AGTTGCCCTT TTTCCCATCT TTGGCATCAG CAGCTACATG 
Cervix TTGCTTTTGC AGTTGCCCTT TTTCCCATCT TTGGCATCAG CAGCTACATG 

BTFSH AAGGTGAGCA TCTGCCTGCC CATGGACATT GACAGCCCCT TGTCACAACT 
Cervix AAGGTGAGCA TCTGCCTGCC CATGGACATT GACAGCCCCT TGTCACAACT 

BTFSH CTATGTCATG TCCCTCCTTG TGCTCAATGT CCTGGCCTTT GTGGTCATCT 
Cervix CTATGTCATG TCCCTCCTTG TGCTCAATGT CCTGGCCTTT GTGGTCATCT 

BTFSH GTGGCTGCTA CACTCACATC TACCTCACGG TGAGGAACCC CAACATCACA 
Cervix GTGGCTXCTT CACTCACATC TACCTCACGG TGAGGAACCC CAACATCACA 

1761 

BTFSH TCCTCTTCTA GTG 
Cervix TCCTCTTCTA GTG 

FIG. 2. Automated nucleotide sequencing and homology between Bos 
taurus m RNA FSHR {GenBank accession number L22319) from nucleo- 
tides 1401 to 1 7f>3 and the PCR products obtained using the upper primer 
as described in Materials and Methods. A homology of 97.5% was found 
between Bos taurus and our amplified cDNA obtained by RT-PCR from 
cervical mRNA at pre-estrus/estrus, suggesting that they are complemen- 
tary. _ 



Measurement of Phospholipase C (PLC) Activity 

Cervical minces (30 mg) were incubated in 1 ml TCM- 
199 containing 5 mCi [ 3 H]myo-inositol for 90 min. Slices 
were rinsed with 1 ml TCM- I99 and incubated for another 
60 min to remove unincorporated [ 3 H]myo-inositol. At the 
end of the preincubations, slices were incubated in 1 ml 
TCM-199 containing 10 mM LiCl to inhibit inositol phos- 
phate (IP) hydrolysis, allowing 3 H-1P, 3 H-IP 2 , and 3 H-IP 3 to 
accumulate in the tissue after stimulation of PLC, in ab- 
sence or presence of 0-20 ng/ml of FSH or 0-20 ng/ml 
LH (USDA bLH-I-1). Incubations were terminated by add- 
ing 2 ml ice-cold chloroform/methanol/hydrochloric acid 
(5:10:0.1, v:v:v) and then 1 ml chloroform and 1 ml EDTA 
(5 mM) and extracted as described by Kisielewska et al. 
[12]. 3 H-1P, 3 H-IP 2 , and 3 H-1P 3 were separated from the 
labeled inositol compounds by using Dowex AG 1-X8 (for- 
mate form). 3 H-Labeled IP was eluted from the column by 
sequential elution into 10 fractions. Aliquots of each frac- 
tion were added to scintillation vials containing 5 ml scin- 
tillation fluid, and radioactivity was determined using a 
scintillation counter. Total activity of PLC is expressed as 
cpm of total IPs/30 mg/30 min. 

RiA for PGE 2 and PCF 2a 

Aliquots of 100 |xl were taken at the end of the incu- 
bation period for specific RIA of PGE 2 and PGF 2a , which 
were performed without chromatographic separation. The 
antisera for PGF 2a (Sigma) reacts preferentially with PGF 2u 
but cross-reacts with PGF la (60%) and to a negligible ex- 
tent (< 0.1%) with prostaglandins of the A, B, and E series. 
The antisera to PGE? (Sigma Israel) reacts preferentially 
with PGE 2 but cross-reacts with PGE, (20%), PGA,, PGA 2 , 
PGF lu , and PGF 2a (< 10%) and to a negligible extent with 
PGB^and PGB 2 (< 0.1%). The intraassay coefficients of 
variation were 9% and 1 1%, and the interassay coefficients 
of variance were .12.3% and 13% for PGF 2a and PGE 2 . 

Statistical Analysis 

ANOVA was performed with a significance level of p 
< 0.05. Data were further analyzed using Tukey's proce- 
dure (p < 0.05 orp < 0.01) to assess significance between 
treatments. Student's /-test was used where appropriate. 
Values are expressed as means ± SEM. 

RESULTS 

FSHR mRNA Expression in the Cervix 

RT-PCR demonstrated that the FSHR gene is expressed 
in bovine cervix as indicated by the presence of the 384- 
bp fragment corresponding to bFSHR mRNA. The mRNA 
was maximally expressed in the cervix during the pre-es- 
trous/estrous phase. In contrast, the expression of the gene 
was reduced in postovulation cervix and not detectable in 
luteal-phase cervix (Fig. I). However, reamplification of the 
PCR product, cDNA, from the luteal phase produced a de- 
tectable signal (Fig. 1). 

To demonstrate that the absence of FSHR mRNA in lu- 
teal-phase cervix was specific, bovine p-actin mRNA was 
used as internal control. PCR demonstrated that the specific 
890 bp of the P-actin cDNA band was produced by the 
cervical tissues of all the stages. The band for p-actin was 
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FIG. 3. Northern blot for analysis of total RNA (10 p,g) extracted from 
bovine cervical tissues collected from pre-estrous/estrous, postovulatory, 
and luteal-phase cows, and bovine granulosa cells as a positive control- 
Relative migration of 28S and 18S ribosomal RNA is indicated. To localize 
mRNA for FSHR and p-actin, our RT-PCR products (384-bp and 890-bp 
fragments, respectively) were used to generate biotinylated probes using 
biotin random primer. Figure shows results for FSHR mRNA in .bovine 
granulosa cells as a positive control (lane A); and in cervical tissues at 
pre-estrus/estrus (lanes B-Q, postovulation, (lanes D-E) and the luteal 
phase (lanes F-GJ. The corresponding p-actin band was obtained by re- 
probing of the membranes previously tested for FSHR mRNA as described 
in Materials and Methods. Columns show mean ± SEM of the optical 
density of the ratio FSHR:p-actin, in which the luteal phase is given an 
arbitrary value of 1.0. 4 Significantly different from luteal-phase value (p 
< 0.01); n = 5 for each stage. 
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FIG. 4. Presence of FSHR protein in cervical tissues as determined by 
Western blot. Soluble cell extracts (60 p.g protein) were used to determine 
the amount of FSHR as described in Materials and Methods. Western blot 
proteins were transferred to nitrocellulose paper and probed with anti- 
serum to peptide hFSHR, 265-296. Western blot displays a representative 
result for bovine granulosa cells, used as positive control (lane A); bovine 
seminal vesicles (lane B) and muscle, used as a negative control (lane C); 
and cervical tissues from three stages of the estrous cycle: pre-estrous/ 
estrous (lane D), postovulatory (lane E), and luteal (lane F). Histogram 
summarizes the results for the three stages of the estrous cycle. Columns 
show mean ± SEM of the relative optical density in which the luteal phase 
is given an arbitrary value of 1.0. *Significantly different from luteal-phase 
value (p < 0.01); n = 7 for each stage. 



present even though the 384-bp band corresponding to the 
FSHR was absent (Fig. 1). 

The nucleotide sequence (Fig. 2) of the 384-bp fragment 
obtained from pre-estrous/estrous cervix was compared 
with that for the Bos taunts FSHR reported by Houde et 
al [7]. It was found that there was a 97.5% homology be- 
tween the 384-bp fragment and the nucleotide range 1410— 
1763 found in the Bos taurus FSHR. 

The Northern blot contained the expected three tran- 
scripts of 2.55, 3.3, and 3.8 kilobases (kb) present in the 
bovine granulosa. However, the high (6.8-kb) and low (1.6- 
kb) transcripts found in the ovary were not found in the 
cervix. The three transcripts were found in pre-estrous/es- 
trous cervix, but only one transcript (2.55 kb) was seen in 
luteal cervix (1/8 of the pre-estrus/estrus level; n = 5) or 
postovulatory cervix (1/3 of the pre-estrus/estrus level; n = 
5) (Fig. 3). 
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FIG 5 Effect of incubation of cervical tissues with FSH on the expres- 
sion of the FSHR protein. Cervical tissue from 5 pre-estrous/estrous cows 
was incubated in the absence or presence of FSH (0 or 1 0 ng/m I). Western 
blot is representative for FSH protein concentration after 3 h of incuba- 
tion with granulosa ceil extract serving as positive control. Lane A, Gran- 
ulosa cells (GC); lane B, cervical tissue at Time 0; lane C, cervical tissue 
after 3 h of incubation in TCM-199; lane D, cervical tissue after 3 h of 
incubation with 10 ng/ml of FSH. Lane E represents muscle tissue incu- 
bated with FSH (10 ng/ml) for 3 h as a negative control. Histogram sum- 
marizes the results of six experiments. Columns are means ± SEM. 'Sig- 
nificantly different (p < 0.01) from the column representing the control 
at 3 h (a given value of 1). 



FSHR Protein in the Cervix 

The presence of FSHR protein in the cervix was dem- 
onstrated as determined by Western blot analysis using a 
specific antipeptide antibody for hFSHR. The antibody rec- 
ognized a 75-kDa protein in both bovine granulosa and 
cervical preparations identical with the predicted molecular 
size of FSHR. The signal for the 75-kDa protein was stron- 
gest in pre-estrous/estrous cervix when compared with 
postovulation- (3-fold) or luteal-phase (6-fold) cervix (Fig. 
4). With the use of 60 \ig protein in each lane, this protein 
was observed to be expressed throughout the estrous cycle. 

In Vitro Effect of FSH on Induction of FSHRs 

A time-course (0.75, 1.5, and 3 h) and dose-response (0, 
10, and 20 ng/ml) study was carried out to determine in 
vitro effect of FSH on its own receptor. Cervical minces 
(100 me) from cows in the pre-estrous/estrous, postovula- 
. tory, and luteal phases were used. It was found, as deter- 
mined by Western blot, that FSH induced its own receptor 
in cervical tissues at pre-estrus/estrus : with a 3-fold increase 
(p < 0.01) observed at 10 ng/ml after 3 h of incubation 
(Fie 5). However, no effect of FSH was seen at earlier 
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FIG 6 Effect of incubation of cervical tissues with FSH on the synthesis 
of C protein. Cervical tissues from 5 pre-estrous/estrous cows were in-, 
cubated in the absence or presence of FSH (10 ng/ml). Both the 87-kDa 
G protein (a, p, 7 complex) and 42-kDa protein (aj are elevated at 3 h 
of incubation. Granulosa cell extract was used as a positive control. Lane 
A Granulosa cells (GC); lane B, cervical tissue at Time 0; lane C, cervical 
tissue after 3 h of incubation in TCM-199; lane D, cervical tissue after 3 
h of incubation with 10 ng/ml of FSH. Columns are means ± SEM of 42- 
kDa protein. 'Significantly different (p < 0.05) from the column repre- 
senting the control at 3 h (with an arbitrary value of 1.0). 



times at the 10 ng/ml level. When 20 ng/ml was used a 
stimulatory effect (2-fold) was seen after 1.5 h. No signif- 
icant response was observed when tissues of the postovu- 
latory or luteal phase were used at any dose or time tested 
(data not shown). 

Effect of FSH Treatment on G Protein (a J 

A time-course and dose-response study was carried out 
to determine whether cervical FSHR was coupled to G pro- 
tein. Cervical minces (100 mg) from cows in the pre-es- 
trous/estrous, postovulatory, and luteal phases were incu- 
bated in the presence of FSH (0-20 ng/ml) for 0.75, 1.5, 
and 3 h. It was found in pre-estrous/estrous cervical tissue 
that, in the presence of FSH (10 ng/ml), there was a sig- 
nificantly (p < 0.05) higher level of G protein (<x s ) at the 
level of both the 87-kDa (a, 0, 7 complex) and the 42-kDa 
(ct s ) proteins after 3 h of incubation (Fig. 6). FSH, at either 
10 or 20 ng/ml, did not have a stabilizing effect on the 
level of G protein (a s ) at shorter times of incubation (0.75 
or 1.5 h). No significant response was observed when tis- 
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FIG. 7. Effect of FSH on IP production in cervical tissue. Cervical tissues 
from six cows at each of three stages of the cycle were incubated for 30 
min in the absence or presence of FSH (10 ng/ml) or LH (ng/ml). IPs 
produced were determined in four replicates by amount of labeled com- 
pound (cpm) produced. Columns are means ± SEM (*p < 0.05; **p < 
0.01 ; significantly different from control value for each stage of the cycle). 



sues of the postovulatory or luteal phase were used at any 
dose or time tested (data not shown). 

IP Pathway Activation by FSH 

For TP measurement, cervical tissue minces (30 mg) 
from pre-estrous/estrous, postovulatory, and luteal-phase 
cows were incubated for 30 min in the absence or presence 
of FSH (10 ng/ml) or LH (10 ng/ml). FSH significantly (p 
< 0.01) increased the level of IP, IP 2 , and IP 3 at pre-estrus/ 
estrus. However, FSH significantly (p < 0.05) inhibited IP 
level in the postovulatory stage. In contrast, LH, but not 
FSH, stimulated IPs significantly (p < 0.01) at the luteal 
phase (Fig. 7). 

Adenylate Cyclase Activation by FSH 

A dose-response analysis was used to determine whether 
the cervical FSHR was coupled to adenylate cyclase. In 
these experiments, cervical tissue minces (50 mg) obtained 
from pre-estrous/estrous, postovulatory, and luteal-phase 
cows were incubated with FSH (0-40 ng/ml). FSH in- 
creased cAMP accumulation in a dose-dependent manner 
when incubated with pre-estrous/estrous cervical tissues, 
with maximal stimulation 2.5 times (p < 0.01) that of con- 
trol in the presence of 10 ng/ml (Fig. 8 A). In contrast, cer- 
vical tissue from luteal or postovulation did not respond to 
FSH even though tissues from all phases of the cycle re- 
sponded to forskolin with a significant (p < 0.01) increase 
in cAMP (Fig. 8B). 

Effect of FSH on PGE Production by Cervical Tissues 

A dose-response analysis was carried out to determine 
whether FSHR was associated with cervical prostaglandin 
production. PGE 2 and PGF 2u production by cervical minces 
(100 mg/ml) in the presence of FSH (0-20 ng/ml) was de- 
termined by R1A. FSH stimulated (p < 0.01) basal PGE 2 
production in a dose-dependent manner and caused a 3-told 
increase in PGE 2 production at 10 ng/ml in pre-estrous/ 
estrous cervical tissues (n = 8, Fig. 9). FSH had no effect 
on the small amount of basal PGF 2q (< 1 ng/100 mg) pro- 
duced by cervical tissue (data not shown). FSH did not 
elevate PGE 2 in cervical tissues from the luteal phase; fur- 
thermore, a small but significant (p < 0.05) inhibition was 
observed at postovulation (Fig. 9). 
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FIG. 8. Effect of FSH on adenylate cyclase production in cervical tissue. 
A) Cervical tissues from six cows at pre-estrus/estrus were incubated (4 
replicates) for 10 min in the absence or presence of FSH (0, 5, 10, 20, or 
40 ng/ml) or forskolin (10 M-mol/L), and the amount of cAMP produced 
was measured by a protein binding assay. B) Cervical tissues from six 
cows at each of the three stages of the estrous cycle were incubated (4 
replicates) for 10 min in the absence or presence of FSH (10 ng/ml) or 
forskolin (10 u.M). The amount of cAMP produced was measured by a 
protein binding assay. Columns are means ± SEM. Columns with asterisks 
were statistically different from their own control (*p < 0.01; **p < 0.05). 
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FIG. 9. FSH dose response on production of PGE 2 by cervical tissues. 
Cervical tissues from 8 pre-estrous/estrous, postovulatory, or luteal-phase 
cows were incubated in the absence or presence of FSH (5, 10, or 20 ng/ 
ml) for 6 h, and the effect on the production of PCE 2 was measured by 
RIA. *p < 0.01; **p < 0.05. 
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FIG 10 Effect of incubation of cervical tissues with FSH on the ex- 
pression of cyclooxygenase. Cervical tissues from 5 pre-estrous/estrous 
cows were incubated in the absence or presence of FSH (10 ng/ml). The 
72-kDa cyclooxygenase.il protein was elevated at 3 h of incubation. Lane 
A bovine granulosa cells (GO; lane 6, cervical tissue at Time 0; lane C, 
cervical tissue after 3 h of incubation inTCM-199; lane D, cervical tissue 
after 3 h of incubation with 10 ng/ml of FSH. Columns are means ± SEM 
of 72-kDa protein. 'Significantly different (p < 0.01) from the column 
representing the control at 3 h (with an arbitrary value of 1.0). 



Cyclooxygenase Activation by FSH 

To determine whether the presence of FSHR was asso- 
ciated with the expression of cyclooxygenase, cervical 
minces were incubated for 3 h in the presence or absence 
of FSH (10 ng/ml). Tissues from pre-estrous/estrous, post- 
ovulatory, and luteal-phase cows were extracted, separated 
on SDS-PAGE, and tested for the cyclooxygenase II (72 
kDa) using a specific antibody. It was found that in cervical 
tissues from six pre-estrous/estrous cows, FSH induced a 
200% increase in the expression of cyclooxygenase after j> 
h of incubation (Fig. 10). In contrast, no effect on cyclo- 
oxygenase expression was seen in cervical tissues from lu- 
teal-phase cows, and an insignificant {p > 0.05) elevation 
at the postovulatory phase was observed (data not shown). 

DISCUSSION 

Results of this study demonstrate by both PCR amplifi- 
. cation and Northern blot analysis that FSHR mRNA is pres- 
> ent in the bovine cervix. The bands corresponding to the 
receptor (75 kDa) and its mRNA were maximally expressed 
during the pre-estrous/estrous phase. Incubation of cervical 
tissues with FSH increased the expression of cyclooxygen- 



ase and the production of PGE 2 (and possibly PGEj) at the 
pre-estrous/estrous phase. The stimulation of cervical cy- 
clooxygenase was associated with activation of both the 
PLC and adenylate cyclase second messenger G-protein re- 
lated pathways. 

Northern blot analysis of bovine cervical tissues trom 
pre-estrous/estrous cows revealed multiple transcripts for 
bovine cervical FSHR. The sizes of the major transcripts 
were 2.5 kb, 3.3 kb, and 3.8 kb, which were similar to those 
obtained in bovine granulosa cells [7], rat testis and ovary 
[13, 14], and human ovary [15] and myometrium [16]. Oth- 
er minor transcripts have been reported in all of these spe- 
cies. The RT-PCR product yielded a single band of 384 bp, 
which was the expected molecular size, so the different 
isoforms of the FSHR are probably the result of differential 
splicing of the same transcript. Isoforms of FSHR have 
been characterized in human [17] and primate [18] ovary 
and in ovine testis [19]. Since only a single 2.5-kb isomer 
was present in luteal-phase cervix (which did weakly pro- 
duce FSHR), it would appear that there are different iso- 
forms present in the bovine cervix as well. 

The nucleotide sequence homology between our RT- 
PCR 384-bp product was 97.3% identical to the comparable 
region of the bovine FSHR, showing that our amplified 
cDNA was complementary to the Bos taurus mRNA FSHR. 
The PCR product of 384-bp cDNA was found primarily in 
the pre-estrous/estrous cervix. ucoud 
Using specific antibody raised in rabbits against hFSHR 
(amino acid sequence 265-296) for Western blot analysis 
resulted in a major signal for a 75-kDa protein. A protein 
of similar molecular mass has been reported in rat and hu- 
man ovary [20]. A strong signal for this protein was seen 
in the pre-estrous/estrous cervix compared with cervix from 
the other stages of the cycle. This cervical receptor was 
regulated by FSH itself, similar to the regulation of the 
FSHR in the rat ovary [14]. 

FSH increased cAMP production by cervical tissue trom 
the pre-estrous/estrous phase but did not elevate cAMP in 
the postovulatory and luteal phases. FSH elevation of IPs 
displayed the same pattern. It would therefore appear that 
the cervical FSHR is associated with signal transduction 
pathways in a way similar to the accepted mechanism of 
LH action in the ovary and testes, i.e., activation of the 
second messenger pathways— adenylate cyclase [21] and 
phosphatidyl-inositol (PLC) [22, 23]. The inhibitory effect 
of FSH on IPs and cAMP at postovulation occur when 
FSHR is low. Since FSH activity is biphasic, i.e., is stim- 
ulated by a low dose and inhibited by a high dose, an in- 
hibitory effect at low concentrations could be the result of 
the change in the ligand-receptor ratio. 

FSH induced about a 200% increase in the expression 
of cyclooxygenase at pre-estrus/estrus but had no effect on 
the two other stages of the cycle. This was similar to the 
response of cyclooxygenase to LH that was observed for 
the bovine endometrium [2] and uterine vein [6]. However, 
in the endometrium, LH increased cyclooxygenase during 
both the luteal and postovulatory phases but not at estrus 
[2]. Furthermore, the induction of cyclooxygenase by go- 
nadotropin in the endometrium was associated with an in- 
creased level of PGF 2ftf while in the cervix PGE 2 was the 
major product. 

The bFSH was of immunological grade and devoid ot 
residual biological contamination of LH, thyroid-stimulat- 
ing hormone, growth hormone, prolactin, or ACTH. The 
effects on increasing cAMR PGE 2 , and cyclooxygenase as 
well as induction of FSHR were therefore specific. Fur- 
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thermore, it was found that highly purified hFSH (10-20 
ng/ml) (donation of J.A. Dias) had the same effects as 
bFSH when incubated with cervical tissue under the same 
conditions (2.5-fold increase in cAMP; 3-fold increase in 
PGE 2 ; 2-fold increase in cyclooxygenase). 

The relaxation and opening of the gravid cervix is due 
to active biochemical and structural changes in the cervical 
connective tissue that are mediated in part by prostaglan- 
dins [24]. It is thought that stretching of the cervix is a 
factor in causing the release of these prostaglandins [25, 
26] The effect of PGE in causing cervical softening in the 
ewe is also well documented [27-29]. In both nonpregnant 
and pregnant cows, PGE 2 causes an increase in cervical 
opening within 3 h of treatment [30]. PGE, administered 
intra-cervically in a jelly was shown to decrease cervical 
resistance within 24 h [31]. 

Recently, we reported [6] that oxytocin caused a signif- 
icant stimulation of PGE 2 production- in vitro in cervical 
tissues from pre-estrous/estrous cows but had no effect on 
PGE 2 production in cervical tissue from other stages of the 
estrous cycle of the cow. Similarly, in an initial report [31], 
it was shown that administration of oxytocin to pre-estrous 
cows increased the concentration of PGE 2 in the cervical 
exudate. However, peripheral oxytocin concentrations dur- 
ing estrus are lower than during the luteal phase [32, 33], 
and elevations of both peripheral oxytocin and cervical 
oxytocin receptor concentration are necessary for oxytocin 
to cause cervical softening towards parturition [24]. Fur- 
thermore, progesterone in vitro induced a dose-dependent 
inhibition of PGE 2 release by cervical tissues from pre- 
estrous/estrous cows, and this was associated with a de- 
crease in both basal and oxytocin-stimulated PGE 2 produc- 
tion [6]. It would therefore seem that hormones other than 
oxytocin are responsible for the increase in cervical PGE 2 
in the pre-estrous/estrous cow. The present report indicates 
that FSH, which has its peak peripheral concentration at the 
time of estrus, could be the hormone that increases cervical 
PGE 2 , as the FSHR expression is maximal at this time and 
FSH in vitro increases PGE 2 production by the cervix. 

The bovine cervix at pre-estrus/estrus has high levels of 
FSHR protein and its corresponding mRNA. Activation of 
the receptor by FSH is associated with the G-protein-cou- 
pled receptor family that mediates the cAMP and IP sig- 
nalling pathways. These signalling pathways then increase 
the expression of cyclooxygenase and production of PGE 2 . 
The expression of the FSHR was maximal at the time of 
the FSH peak in the blood and suggests a physiological 
role for FSH in the relaxation and opening of the cervix at 
estrus. 
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The alpha(v)beta6 integrin receptor for Foot-and-mouth disease virus is 
expressed constitutively on the epithelial cells targeted iu cattle. 

Monaghan P, Gold S, Simpson J, Zhang Z. Weinreb PH , Violctte SM Alexandersen 
S, Jackson T . 



Institute for Animal Health, Pirbright Laboratory, Ash Road, Pirbrifiht, Surrey GU24 
ONF, UK 

Field strains of Foot-and-mouth disease virus (FMDV) use a number of alpha(v)- 
integrins as receptors to initiate infection on cultured cells, and integriris are believed to 
be the receptors used to target epithelial cells iu animals. In this study, 
immunofluorescence confocal microscopy and real-time RT-PCR were used to 
investigate expression of two of the integrin receptors of FMDV, alpha(v)beta6 and 
alpha(v)beta3, within various epithelia targeted by this virus in cattle. These studies show 
that alpha(v)beta6 is expressed constitutively on the surfaces of epithelial cells at sites 
where infectious lesions occur during a natural infection, but not at sites where lesions 
are not normally formed. Expression of alpha(v)beta6 protein at these sites showed a 
good correlation with the relative abundance of beta6 mRNA. In contrast, alpha(v)beta3 
protein was only detected at low levels on the vasculature and not on the epithelial cells 
of any of the tissues investigated. Together, these data suggest that in cattle, 
alpha(v)beta6, rather than alpha(v)beta3, serves as the major receptor that determines the 
tropism of FMDV for the epithelia normally targeted by this virus. 
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Urokinase-mediated posttranscriptional regulation of urokinase-receptor 
expression in non small cell lung carcinoma. 

Montuori N , MattieLlo A, Mancmi A, TagKalatela P, Caputi M Rossi G, Ragno P . 

Istituto di Endocrinologia ed Oncologia Sperimentale, Consiglio Nazionale delle 
Ricerche, Naples, Italy. 

The urokinase-type plasminogen activator (uPA) and its cellular receptor (uPAR) are 
involved in the proteolytic cascade required for tumor cell dissemination and metastasis, 
and are highly expressed in many human tumors. We have recently reported that uP A, 
independently of its enzymatic activity, is able to increase the expression of its own 
receptor in uPAR-transfected kidney cells at a posttranscriptional level. In fact, uPA, 
upon binding uPAR, modulates the activity and/or the level of a mRNA-stabilizing factor 
that binds the coding region of uPAR-mRNA. We now investigate the relevance of uPA- 
mediated posttranscriptional regulation of uPAR expression in npn small cell lung 
carcinoma (NSCLC), in which the up-reguiation of uPAR expression is a prognostic 
marker- We show that uPA is able to increase uPAR expression, both at protein and 
mRNA levels, in primary cell cultures obtained from tumor and adjacent normal lung 
tissues of patients affected by NSCLC, thus suggesting that the enzyme can exert its 
effect in lung cells. We investigated the relationship among the levels of uPA, uPAR and 
uPAR-mRNA binding protein(s) in NSCLC. Lung tissue analysis of 35 NSCLC patients 
shows an increase of both uPA and uPAR in tumor tissues, as compared to adjacent 
. normal tissues, in 27 patients (77%); 1 9 of these 2.7 patients also show a parallel increase 
of the level and/or binding activity *>f a cellular protein capable of binding the coding 
region of uPAR-mRN A. Therefore, in tumor tissues, a strong correlation is observed 
among these 3 parameters, uPA, uPAR and the level and/or the activity of a uPAR- 
mRNA binding protein. We then suggest that uPA regulates uPAR expression in NSCLC 
at a posttranscriptional level by increasing uPAR-stability through a cellular factor that 
binds the coding region of uPAR-mRNA. Copyright 2003 Wiley-Liss, Inc. 
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Vascular endothelial growth factor expression correlates with matrix 
metalloproteinases MT1-MMP, MMP-2 aud MMP-9 in human 
glioblastomas. 

Munaut C, Noel A, Hougrand O . Foidart JM. Boniver J, Deprez M . 

Laboratory of Tumour and Development Biology, University of Liege, Liege, Belgium. - 

Vascular endothelial growth factor (VEGF) is the major endothelial mitogen in central 
nervous system neoplasms and it is expressed in 64-95% of glioblastomas (GBMs) 
Tumour cells are the main source of VEGF in GBMs whereas VEGF receptors. ( VEGFR- 
I, its soluble form sVEGFR-l, VEGFR-2 and neuropilin-l) are expressed predominantly 
by endothelial cells. Infiltrating rumour cells and newly-formed capillaries progress 
through the extracellular matrix by local proteolysis involving matrix metalloproteinases 
. (MMPs). Recent studies have shown that VEGF expression and bioavailability can be 
modulated by MMPs. We reported previously that the expression of MT1-MMP in 
human breast cancer ceils was associated with an enhanced VEGF expression We used 
quantitative RT-PCR, Western blot, gelatin zymography and immunohistochemistry to 
S x C ex P re?sion of VEGF > VEGFR-1, VEGFR-2, sVEGFR-l, neuropilin-l.MTl- 

* MMP-2, MMP-9 and TIMP-2.in 20 human GBMs and 5 normal brains The 
expression of these MMPs was markedly increased in most GBMs with excellent 
correlation between mRNA and protein levels; activated forms of MMP-2 and MMP-9 
were present in 8/18 and 7/18 of GBMs. A majority of GBMs (17/20) also expressed high 
levels of VEGF, as previously reported, with strong correlation between VEGF and MT1 - 
MMP gene expression levels, and double immunostaining showed that VEGF and MTI- 
MMP peptides co-localize in tumour and endothelial cells. Our results suggest that the 
interplay between metalloproteinases and VEGF previously described in experimental 
rumours may also be operative in human GBMs. Because of its dual ability to activate 
MMP-2 and. to up-regulate VEGF, MT1-MMP might be of central importance in the 
growth of GBMs and represent an interesting target for anti-cancer treatments. Copyright 
2003 Wiley-Liss, Inc. 
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MTl-MMP, MMP-2, MMP-9 and TTMP-2 in a series of 20 GBMs 
and 5 normal brains. Using quantitative RT-PCR,. gelatin zyraog- 
raphy, Western blot and immunohistochemistry, we showed a 
strong correlation between the expression of VEGF, MT1-MMP, 
MMP-2 and MMP-9 in GBMs. These results are in accordance 
with previous in vino studies and add to the evidence of . an 
interplay between VEGF and MMPs in the progression of human 
GBMs. 



MATERIAL AND METHODS 

Patients 

We studied 20 GBMs diagnosed at the Laboratory of Neuropa- 
thology-CHU Liege between 1997 and 2001. The series included 
17 primary GBMs (le. t no previous history, of lower grade diffuse 
astrocytoma) and 3 secondary GBMs (/.*., previous history of 
lower grade diffuse astrocytoma). Clinical information on these 20 
cases have been reported previously as part of a larger series. 3 1 The 
gender ratio was 1/1 , and the age at time of diagnosis ranged from 
41-79 years (mean 56 years)i Normal brain cortex and white 
matter were obtained from 5 patients with intractable epilepsy 
treated by partial temporal lobectomy. Histological examination of 
these specimens showed severe hippocampal sclerosis; frozen tis- 
sue was sampled from microscopically normal inferior temporal 
gyri. Our study was approved by the Ethical Committee of the 
Faculty of Medicine of the University of Liege. 



RNA extraction and cDNA synthesis 

Total RNA was extracted from cryosections with RNeasy Mini 
Kit (QIAGEN GmbH, Hilden, Germany) according to the manu- 
facturer's protocol. Total RNA (1 jig) was reverse transcribed with 
a ThermoScripl reverse transcriptase (ThermoScript RT-PCR Sys- 
tem, Invitrogen, Carlsbad, CA) and random hexamers as primers. 

Primers 

• Primers pairs used in our study are described in Table L Primers 
for the VEGF gene were chosen lo distinguish between YEGF )8?> 
VEGF, VEGF M5 and VEGF, 2 , mRNA isoforms. Intron-span- 
ning primers and probes for the TaqMan system (primers for 
VEGFR-1 (Flt-lXsVEGFR-1, VEGFR-2 (KDR/Flk-1) andNRPl) 
were designed to meet specific criteria by using Primer Express 
software (Perkin Elmer, Foster City, CA)i All primers were syn- . 
thesized by Eurogentec (Liege, Belgium). The 5'- and 3'-end 
nucleotides of the probe were labeled with a reporter (FAM. = 
6-carboxy-fluorescein) and a quencher dye (TAMRA = 6-car- 
boxy-tetramethylrhodamine). We conducted BLASTn (National 
Center for Biotechnology Information, Bethesda) searches against 
dbEST and the non redundant set of GenBank, EMBL, and DDBJ 
database sequences to confirm the total gene specificity of the 
nucleotide sequences chosen for the primers. The speci6city of the 
amplified PCR products was confirmed either by restriction digest 
' or by sequencing. The 18S ribosomal RNA was measured using 
ihe Pre-Developed TaqMan Assay Reagents Endogenous control 
kit from Applied Biosystems (Foster City, CA). 



TABLE 1 - SEQUENCE OF PRIMERS AND TaqMan PROBES' USED FOR RT-PCR STUDIES 



Gene and accession 
number 


Position 


MMP-2 FP 


1740F 


MMP-2-RP . 


1964R 


NM_0O4530 . 




MMP-9-FP 


1592F 


MMP-9-RP 


1800R 


JQ5070 




MMP-14-FP * 


1288F 


MMP-14-RP 


I508R 


NM_004995 




T1MP1-FP 


: 78F 


T1MP1-RP 


245R 


M12670 




TJMP-2-FP 


78F 


TbMP-2-RP 


245R 


NM 003255 




VECF-FP 


I208F 


VEGF-RP 


I687R 


AH00J553 




28S rRNA-RP 


12403F 


28SrRNA-RP 


J2614R 


U1336? 




VEGFR1-FP 


2438F 


VEGFRl-RP 


2516R 


VEGFR1 Probe 


2469 


AP063657 




sVEGFRl-FP 


2209F 


sVEGFRI-RP 


2388R 


sVEGFRl Probe 


2257 


U0I134 




VEGFR2-FP 


791F 


VECFR2-RP 


946R 


VEGFR2 Probe 


820 


AF063658 




NRP1-FP 


»83>F 


NRP1-RP 


1942R 


NRP1 Probe 


1883 


XM 03-1725 





Sequence 



Cycle* 



5'-AGATCTTCTTCTTCAAGGACCGGTT-3' 
5VGGCTGGTCAGTGGCTTGGGGTA-3' 

5'-GCGGAGATTGGGAACCAGCTGTA-3' 
5'-GACGCGCCTGTGTACACCCACA-3' 

5'-GG ATA CCC A ATGCCC ATTGGCCA-3 ' 
5'-CCATTGGCCATCCACAAGAGAGC-3' 

5'-CATCCTGTTGTTGCTGTGGCTG AT-3 ' 
5'-GTCATCTTGATCTCATAACCCTGG-3' 

5'-CTCGCTGGACGTTGGAGGAAAGAA-3' 
5'-AGCCCATCTGGTACCTGTGGTTCA-3' 

5'- CCTGGTGG A C ATCTTCC AGG AGT A-3 * 
5'-CTCACCGCCTCGGCTTGTCACA-3' 



5'-GTTC ACCC ACTA ATAGGG A ACGTGA - 3 ' 
S'-GATTCTGACTTAGAGGCGTTCAGT-S' 

y-TCCCTTATGATGCCAGCAAGT-3' 

5'-CCAAAAGCCCCTCTTCCAA-3' 

5'-CCGGGAGAGACTTAAACTGGGCAAATCA-3' 

5'-ACAATCAGAGGTGAGCACTGCAA-3' 
5'-TCCCACCCTGAAAGTTAGCAA-3' 

5'-TCCAAATTTAAAAGCACAAGGAATGATTGTACCAC-3' 

5'-CTTCGAAGCATCAGCATAAGAAACT-3' 

5'-TGGTCATCACCCCACTGGAT-3' 

5'-AACCGAGACCTAAAAACCCAGTCTGGGAGT-3' 

5 ' - C AC A GTG G A A CA G GTG ATG ACTTC- 3 ' 
5'- A A CC ATATGTTGG A A ACTCTGATTGT-3'. 
5'-CCACAGAAAAGCCCACGGTCATAGACA-3' 



225 bp 
208 bp 
221 bp 
168 bp 
155 bp 



479 bp 
407 bp 
347 bp 
275 bp 

212 bp 



79 bp 



180 bp 



156 bp 



112 bp 



33 

37 

32 . 

33 

30 
33 

19 

40 

40 
40 
40 
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VEGF VEGFR1 sVEGFRl VEGFR2 NRP 

JrfS and VEGF receptors mRNA ouanrification: scat- 

SiS ^£fi T"" N0nMl biain (bbcJt ^ and GBMs (white 
STSi?? A JS*^"!"** 1 25 no ™^d values (as described 
th?l and A U - ~ ^ units >- Each point repre- 

sents the mean of 3 separate experiments. W 

Po™ quantitative PCR for MTJ -MMP t MMP-2, MMP-9 
T1MP-2 mRNA and. VEGF mRNA isoforms 

MTl-MMP, MMP-2, MMP-9, 1TMP-2 and VEGF mRNA iso- 
orms (VEGF, 8 VEGF VEGF J43 and VEGF m ) wire rn£ 
sured m ]0 ng ahquots of cDNA using Taq polymerase (Takara 
Muga, Japan) and 5 pmol of each primers (Table I). The thermal 
cycling conditions included 2 min at 95°C for denaturation and 

w?2> °r "III?* a! 94 * C 20 and 20 sec at 

¥>°r °£% C fo ' VEGF ist > f ^) with a final incubation 2 min at 

- \ ^^°^ QXS WCTC reS0,Ved OD 2% Nusicve 3:1 agarose 
gels (BioWbittaker, Rockland, MD) and analyzed using a Fhior-S 
Mulnlmager (B.o-Rad, Hercules, CA) after ethidium bromide 
staining. Specific mRNA levels were expressed as the ratio of 
specific transcnpts/28S transcripts. Experiments were repeated at 
Jeast 3 times in duplicate. 

tef^'lMnMn-WM VEGFR-J, sVEGFR-J. VEGFR-2 
and NRP J mRNA 

*"Jl' me 1« a ™»au\e RT-PCR analyses for VECFR-1 
sVEGFR-1. VEGFR-2, NRP, mRNAs and 18S rRNA were cJ-' 
ned out using the ABJ PRISM 7700 Sequence Detection System 

£ Trp 3 5 tW3rC App,ied Bi °^*msX sequences 
o! the PCR primer pairs and fluorogenic probes that were used for 
each gene are shown in Table 1. A standard curve was generated by 
snr^sA *T n ° f p,acema cDNA t0 cov " ™nge of 
Fn, «,"k " S " d ^ in dUp,ica,e dmin g everv experiment. 
*Z "Pf^n^ntal sample, the amount of target gene was 
determined from this standard curve. The relative expression level 
of the target gene w as normalized against 18S rRNA to compen- 



S ^° r / anat,0n in ^ uaJit > r of mA amount of input 

cDNA (as described by ihe manufacturer PE Applied Biosystems 

m U ?iJl U,letm 2) - was carricd oot wi * TaqMan Uni- 
V ^ Mi * <App,ied B ^tems) using 5 pJ of diluted 

cDNA , (equivalent to 10 ng total RNA), 200 nM of the probe, and 
400 nM pnmers m a 25 pJ final reaction mixture. After a 2 min 
incubation at SOX to allow for UNG cleavage, AmpliTaq Gold 
was acuvated by an incubation for 10 min at 95 & C Each of the 40 
PCR cycles consisted, of 15. sec of denaturation at 95°C and 
hybridization of probe and primers for 1 min at 60°C. 

To confirm amplification specificity, the PCR products were 
also examined- by subsequent 2% agarose gel electrophoresis, 
Experiments w <=re repeated at least 3 times in duplicate. 

Jmmunohisiochemisiry for VEGF and MTl-MMP 

Sections (4 pm thick) were cut from formalin- fixed, paraffin 
embedded tnjpour tissue. They were hydrated through graded 
alcohols and incubated in H 2 0 2 (03% 15 min). Sections were 
autoclaved for 11 mm at 126*C in citrate- buffer pH6 for antigen 
retrieval (Dako, Glostrup, Denmark). For double irrmiur^staining 
SpTa^ 5n monoclonal Ab anti-MTi- 

^ ft* I 1^00. (Oncogene Research Products, San Diego, 
CA) followed by peroxidase-conjugated EnVision (Dako) Irnrmi- 
noreactivity was visualized with 33Miaminobenzidine (DAB+ 

VF^F l^oT^nrV then l DCUb ^ Cd ^onal Ab and-' 
VEGF .150 (Santa Cruz, Santa Cruz, CA) for 1 hr at room 
temperature followed by alkaline phosphatase-conjugated En- 
viron (Dako). Immunoreacliviry for VEGF was visualized with 
Fast Red chromogenic substrate (Dako). Single immunostaining 
was also earned out on serial sections using each primary antibody 
alone with the corresponding enzyme-chromogene combination 
Negative controls were obtained by omitting the primary anlibod- 

Getotin zymography assay 

MMP-2 and MMP-9 activities were quantified by gelatin zy- 
mography on 2 normal brains and 18 GBMs. Ten cryosections (10 
IjuM) were homogenized in buffer (0.1 M Tris-HG pH 8 1 04% 
Triton X-100) and centrifuged for 20 min at 5,000*. The pellets 
were discarded. 25 p.g of total protein from homogenate superna- 
umts were mixed with non reducing sample buffer (623 mM 
Tns ; HCl P H 6.8; 2% SDS; 109S> glycerol; 0.1% bromophcnol 

, e lno e r > ,eClr0ph0rcScd dhect] y on J0% SDS-polyacrylamide 
gels (SDS-PAGE) containing 0J% gelatin (w/v)." ^fter electro- 
phoresis, gels were washed for 1 hr at room temperature in a 2% 
(v/v) Triton X- 100 solution to remove SDS, transferred to a buffer 
(50 mM Tris-HG, pH 7.6, containing 10 mM CaCU and incu- 
bated for 18 hr at 37°C. Gels were stained for 30 min with 0.1% 
(w/v) Coomass ie brilliant blue G250 in 45% (v/v) methanol/) 0% 
- (v/v) acetic acid and destained in 10% (v/v) acetic acid/20% (v/v) 
methanol. Gels were analyzed with Quantity One software (ver- 
sion 4.2.2, Bio-Rad Laboratories, HercuJes, CA) after densitomet- 
ry scanning of the gels using a Fluor-S Mullimager (BioRad). 

Western blot 

i : ¥ M I Pr0,ci " IeVe,s wcre ^ywl »n 2 normal brains and 
15 GBMs. Brain extracts (25 p.g) were mixed with 1/2 sample 
buffer [0.25 M Tris ( P H6.8), 10% SDS (w/v), 4% sucrose (v/v) t 
a ^""P* 0 ^ 3 " 01 ( v/v > and 0. 1 25% bromophenol blue (w/v)j 
and boiled for 5 mm. They were separated on 10% SDS-PAGE 
gels and transferred to a PVDF filter (NEN, Boston, MA). After 
blocking with 5% milk (w/v), 0.1% tween 20 (w/v) in PBS for 2 
hr at room lempeiatme. membranes were exposed to ihe primary 
armbody (10 jxg/ml, clone I13-5B7, Ab-4, Oncogene Research 
Products, San Diego, CA) at <TC overnight followed by incubation 
with a horseradish peroxidase-conjugaied rabbit anti-mouse anti- 
body (1.3 yig/m), Dako, Glostrup, Denmark). Signals were de- 
tected with an enhanced chemoluminescence (ECL) kit (NEN. 
Boston. MA). The relative intensiues of the immunoreactive bands 
were analyzed with Quantity One software (version 4 ? 2 Bio-Rad 
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Figure 2- MMPs and T1MP-2 mRNA quantifica- 
tion, (a) Representative 2% agarose gels of RT-PCR 
products for MTI-MMP, MMP-2, TTMP-2 and 
MMP-9 in 2 norma) brains (NB) and 10 GBMs. (b) 
Scatter plots {as described in Fig. 1). Experiment was 
repeated at least 3 times in duplicate. 
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Laboratories) after densitometry scanning of the X-ray films using 
a FIuot-S Mullimager (Bip-Rad). 

Statistics 

VEGF, VEGFRs, MMPs and TIMP-2 expression values in 
GBMs were correlated using Spearman's test. Correlation was 
considered significant for 2-tailed p-value < 0.05- Statistical anal- 
ysis was carried out using the Prism 3.0 software (GraphPad, San 
Diego, CA). 

RESULTS 

Expression of VEGF and VEGF receptors 

VEGF mRNA was present in normal brains (295-375. arbitrary 
units; mean = 322) and in a]] GBM samples (2)7-5,1 12; mean = 
1/774) as reported previously (Fig. I). 3 ' In most GBMs, VEGF 
mRNA levels were raised 2- 1 5- fold above normal brain values. 
The most abundant isoform in all cases was VEGF )65 , followed by 
VEGF )2It V EGF 189 and VEGF M5 (data not shown). VECFR-1 
expression was found at similar levels in GBMs (89-357: mean = 
182) and normal conlrols (154-198; mean = 181). There was no 
correlation between VEGFR-1 and VEGF mRNA levels (p = 
0.35) in GBMs. VEGFR-2 was expressed in all GBMs (48-582; 



mean = 210) and in 8/20 cases at least twice nprmal values 
(87-1)1; mean = 103). VEGF and VEGFR-2 expressions wwe 
correlated significantly (p = 6.0035) in GBMs. NRP1 expression 
varied broadly between GBMs (75-3,260; mean - 1,061) con- 
trasting with a constant baseline expression in normal controls 
(383-397; mean = 390). In rumours, NRP1 correlated with 
VEGFR-2 (p = 0.0)19) but not with VEGF (p = 0.084), nor 
VEGFR-1 (p = 0.066). sVEGFR-1 was expressed at low levels 
both in normal brains (84-92; mean = 87) and GBMs (25-208; 
mean - )0)). sVEGFR-1, however, was found to correlate with 
VEGFR-) {p = 0.0289), VEGFR-2 (p = 0.0029), and NRP1 (p '- 
0.0027) but not with VEGF (p = 0.053). 

Expression of MMPs and TIMP-2 

MTI-MMP, MMP-2 and MMP-9 were expressed in both nor- 
ma! brains and GBMs but at much higher levels in the latter (Fig. 
2a). MTI-MMP mRNA levels were "constantly higher in GBMs 
(34-202; mean = 106) than in norma) controls (3-29; mean - 
15). MMP-2 and MMP-9 mRNA levels were higher than controls 
in 18/20 and 14/20 cases respectively (Fig. 2b) and correlated with 
each other (p - 0.0)87). MT1 -MMP.mRNA levels correlated with 
MMP-2 <p = 0.0008) and MMP-9 (p = 0.005). TIMP-2 had a 
non-discriminative distribution in relation to the controls. TIMP-2 
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Rigibue 3-Zymographic analysis of MMP-2 and MMP-0 in ri«ue 
opened by rmmar. rfT1080 cells was included as posMwcont^T 

TABLE °~ Mggwam w 



ll^^f e ™ rt '^ "^S ,he »tibody (clone 

I13-5B7) raised against the catalytic domain of MTI-MMP PWvirin 
attracts from MTI-MMP fransf J cd ceHs Wone^' 2 W 

^aini; V L CO » +) - * nM0 * -?* 



TABLE -S-B^gjg^ « j^-gg* MM* 

• FROM SPEARMAN'S TEST 



MTI-MMP 



MMP-2 



MMP-9- 



VEGF 

VEGFR-1 

VEGFR-2 

NRPJ 

sVEGFR-I 



0.0250 
0.0073 
<0.000l 
0.0053 
0.0313 



TIMP-2 



Gehiip kymography 



0.0245 
0.0710 
O.0J68 
0.1334 
0.0469 



. 0.0053 
<0.0001 
0.0004 
0.2457 
0.0194 



0.0094 
0.4542 
0.0153 
0.5480 
0.2563 



proMMP-9 


Nl 


0.41 


N2. 


0.28 


GB1 


9.00 


GB2 


4.28 


GB3. 


1.67 


GB4 


1.40 


GB5 


0.47 


GB7 


5.29 


GB8 


5.75 


GB9 


5:02 


GBI2 


5.08 


GB13 


6.86 


GBJ4 


5.59 


GBJ5 


8.00 


GBJ6 


5.55 


GBI7 


6.61 


GB18 


14.79 


GB20 


18.85 


GB21 


16.52 


GB22 


20.66 » 



MMP9 




0.00 


1.52 


0.00 


- 0.83 


1.25 


2.45 


0.00 


2.88 


0.00 


2.86 


0.00 


4.33 


0.00 


1.15 


0.00 


1J2 


3.78 


4.63 


0.00 


4.09 


0.00 


4.79 


4.58 


4.93 


6.75 


5.53 


0.00 


5.13 


1.10 


5.66 


2.04 


6.00 


4.34 


8.20 


o.oo 


2J2 


0.00 


2.37 


o.oo 


5.11 



MMP-2 



.Western btc* 
MTI-MMP 



0.00 

0.00 

0.35 

0.09 

0.00 

0.03 

0.00 

0.00 

0.65 

0.00 

0.20 

0.48 

0.76 

0.00* 

0.00 

0.00 

0.40 

0.00 . 

0.00 

0.00 



0.44 

0.47 

1.58 

0.47 

0 

0 

ND 
0 

0.55 
0.45 
3.18 
1.55 
034 
ND 
2.50 
0- 

1.97 
0 

ND 
0.86 



nr^Y^'f- wi *M T ' MMP (P = 0.0019) and MMP-2 to = 
0.0002) but not with MMP-9 ip = 0.J408). 

C Z t -MM7% C ' K " n m *- m,f r™*> °"d°cn mted MMP-2 

teemed in't n .x y rn e M Phy ^^ MMP - 2 and P"-MMP.9 were de- 
ected n the 18 GBMs and 2 controls examined (Re. 3 Table 11) 
In most GBMs, levels of these inactive forms were higher than in 

MMP-2 and MMP-9 were not found in norma) brain. By contrast 

rSSJ* eSe "' "? 8 " 8 (MMP 2 > and 7 "» (MMP-9) GBMs 

S"s a^d 2 Pr no e,D T qnamified bio. fn .5 

OBMs and 2 normal brains (F,g. 4, Table U). They were signifi- 



fT- y 0 rr^M . ^"PSr^ dcri^d activated MMP-2 levels 
(p - 0.0226) but not w.th activated MMP-9 levels (p = 006) 
nteresungty, MTI -MMP protein and mRNA levels were corre- 
cted stgmficanUy (p = 0.089). arguing for a predominantly Tran- 
scriptional regulation in GBMs: • ' 

Correlation between VEGF network and MMPs 

MTmM^l^ and VEGF were ><> 

m 1 i-iyiMr-, MMP-2, MMP-9 and T1MP.2 (Table HJ). There was 

LmpS^T ^ iV "* n ^ GF «P^siwi and MTI- 
^ ^ P " 2 f d MMP " 9 - A simi,ar relation was also ob- 
served between VEGFR-2 and MMPs. Interestingly, TIMP-2 ex _ 
r™^ s c ^Iated with VEGF and VEGFR-2 but ool wiih 
ol her VEGF receptors. 

immunohistochemistryfor VEGF and MTI-MMP 

■VEGF irrnnunoreactivity was shown in both tumour and endo- 
Inebal cells, as previously reported (Fig. 5ajb)?* By sin-le immu- 
nostammg. MTI-MMP was detected in glT^lasto^a cellsT a 
diffuse cytoplasmic staining (Fig. 5 "MTI-MMP posiliviry was 
also seen m endothelial cells and perivascular cells (Fig 5c). By 

°^ ^??r,o ,ainiDg ^ WC 0bscrvcd ^localization of VEGF 
3ndMTI-MMP m the cytoplasm of numerous tumour cells (Fig. 

DISCUSSION 

GBMs are highly malignant tumours with poor prognosis They 
show major r^crovascular proliferation and express high levels of 
vtor-. VhGF js a strong mitogen for endothelial cells thereby 
promoimg angrogenesis. p, cviou5 reporls 3 3 >, have sugges(cd lha , 
VEGF also stimulates tumour cell invasion, migration and survival 
m malignant epithelial cells through an autocrine loop by which 
overexpression of MMPs induces VEGF secretion and leads to 
subsequent amplification of cell proliferation and protection 
agamst apop.osis^We and others reported previously that in human 
melanoma and breast carcinoma cells. MTI-MMP upregulaies 
VEGF expression whereas TIMP-2 reduces ii Therefore the 
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Figure 5 - Imimmohistocbeniis- 
try (scale bar = 50 \xm). (aj>) VEGF 
positive tumour and endothelial cells 
(plain arrows) show granular red 
staining of the cytoplasm. Negative 
cells (empty anew) are seen in their 
close vicimry. (c) MT1-MMP posi-. 
tive cells show a strong brown cyto- 
plasmic staining. They include tu- 
mours cells (plain arrow) and 
endothelial cells, (empty arrow), (d) 
MTI-MMP positive tumour ceDs 
(plain arrow) are mixed with nega- 
tive cells (empty arrow), {e /) Double 
staining with VEGF (red) and MT1- 
MMPI (brown). Double positive tu- 
mour cells (plain arrows) contrast 
with negative or single weakly pos- 
itive cell (empty arrow). 



pericellular proteolysis mediated by MT1-MMP in GBMs could 
also induce an autocrine loop resulting in enhanced VEGF expres- 
sion. In rum, VEGF could act as a paracrine factor on endothelial 
cells to stimulate angiogenesis. or possibly as an autocrine factor 
promoting glioblastoma cells survival- migration and invasion as 
demonstrated recently in the various tumour cell culture models. 

We compared the expression of VEGF and its receptors with 
MTI-MMP, MMP-2 and MMP-9 in 20 GBMS and 5 normal brains. 
The expression of these MMPs was markedly increased in most 
GBMs with excellent correlation between mRNA and protein levels. 
MTI-MMP expression has been shown previously to correlate with 
glioma aggressiveness and its transfection in different tumour cell 
lines triggers an angiogenic phenotype and promotes rumour 
growth. 20 ^ 8 " 30 - 36 - 3 * A majority of GBMs ( 17/20) also expressed high 
levels of VEGF, as previously reported, with a strong correlation 
between VEGF and MTI-MMP gene expression levels. Double in> 
munostainiDg studies showed co-expression of VEGF and MTI- 
MMP by the same tumour cells. These data suggest that the transcrip- 




tional coDtrol of VEGF by MTI-MMP could be operative not only in 
virro but also in vivo in human GBMs. 

MTI-MMP could also promote the growth of GBMs by its 
ability to activate MMP-2 in the presence of low concentration of 
T1MP-2. J0 Pro-MMP-2 activation occurs after the formation of a 
ternary complex that contains pro- MMP-2 linked to cell surface 
MTI-MMP via a TJMP-2 bridge. In accordance with this hypoth- 
esis, we found that MMP-2 activation occurred in 8/18 of our 
GBMs 20 - 41 among which 7/7 tested for MTI-MMP showed high 
contents of this protease. 

Activated MMP-9 was arso found in 7/18 of our GBMs. This js 
an interesting finding as active MMP-9 is able to mobilize VEGF 
from its ECM reservoir. 3 * Therefore, MMPs could promote 
VEGF-mediated angiogenesis in GBMs by both transcriptional 
(MTI-MMP) and post translalional (MMP-9) mechanisms. 

VEGF binding to VEOFR-2 triggers the proliferation and mi- 
gration of endothelial ceils whereas its binding to VEGFR- 1 has 
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° l SSfl t< ; effet,S °" S Jiob,asloma cell tfr>es."« In our studyj VEGF 
mRNA levels ^were correlated with VEGFR-2 but not VEGFR-) 
NRP1 and sVEGFR-l. Collectively our data suggest that GBM 

ducing VEGF signaling toward cell proliferation and migration 

In conclusion^ our study adds to the evidence for an interplay 
between inetallopioiejnases and VEGF in human GBMs as previ- 
ousty documented m experimental tumours. Because of hs dual ability 
toacnvateMMP-2andtoup-reguIateVEGF,^ 
central importance in the growth of human glioblastomas and repre- 
sent an interesting target for anti-cancer treatments. 
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DNA hypermethylation is a mechanism for loss of expression of the HLA 
class I genes in human esophageal squamous cell carcinomas. 

SUsJf, YangG, SongY, ZhaoX , SoC, Ua^/WangJJD, YangCS . 

New Jerrv f P T of Pharmacy, Rutgers-The State University of 

New Jersey, 164 Frelinghuysen Road, Piscataway, NJ 08854-8020, USA. 

The three human leukocyte antigen (HLA) class I antigens, HLA-A, HLA-B and HLA-C 
play .mportant roles in the elimination of transformed cells by cytotoxic T cells. Frequent' 
loss of expression of these antigens at the cell surface has been observed in many human 

^uS°I. meC , ^ f °' P 0St ; transcri P t^o « a, Ration have been proposed and 
.ested but the molecular mecnanisms for transcriptional regulation are not clear We show 
by irnmunolustochemistry that the HLA class I antigens are absent in 26 of 29 (89%) 
samples of human esophageal squamous cell carcinomas (ESCC). Eleven of the 26 ESCC 
samples tost mRNA expression for at least one of the HLA genes, as shown by RT-PCR 
DNA from the 29 pairs of ESCG and neighboring normal epithelium were examined for' 
CpG island hypermethylation, homozygous deletion, microsatellite instability (MSO and 
loss of heterozygosity (LOH). DNA from normal epithelial tissues had no detectable 
methylation of the CpG islands of any of these gene loci: Thirteen of 29 ESCC samples 
(45,*) exlub.ted methylation of one or more of the three HLA loci and six samples (21%) 

^ t^Sf m °/ ? ^ l0CL *** HLA ~ B gehe ,0CUS was most frequently 
methylated 38%). HLA-B mRNA expression in an ESCC cell line, where HLA-B was 

hypermethylated and did not express mRNA, was activated after treatment with 5-aza-2'- 
deoxycyhdme. Homozygous deletion of diese three gene loci was not observed 
ESS ' nrT^f n^oS H ^ MSI W6re ° bSerVed f0F ^ '"icrosatellite markers 
' ZTnL n ni 6S2 l 3 ^ D6S1666 ' d0Se t0 the HLA - A ' " B and " C loci . a 
« 7 S L W3S ° bSerVed * 3 nearby locus (presented by the markers D6S1 05 1 
and D6S1560), where the tumor suppressor gene P 21(Wafl) resides. A strong correlation 
between genetic alterations and mRNA inactivation was observed in the ESCC samples 

P^ U , !f \fu HLA Cl3SS 1 gene ex P ression was fre( l uentI y down-regulated in' 
ESCC at both the protem and mRNA levels and that hypermethylation of the promoter 
reg 1 ons of the HLA-A, -B and -C genes is a major mechanism of transcriptional 
inactivation. r 
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ot ST rTf 0n of HER2/neu have been documented in many types 
of ep lt hehal tumor and recently has been reported in sarcomas, particularly in 

und^i!!" 16 r0,e a,terati ° nS ™ S ° ft tiSSUe ^---ains poorly 

understood Thus the present study mvestigates the expression of HER2/neu in 1 3 
paaents w.th synovml sarcoma (SS). In this study, HER2/neu mRNA ZdsZ c 

oZS T 1 membran °us and cytoplasmic patterns of immunostaininp were 

£ss - o n on tr was found between pr ° tein ^p**^ ^ 

HF n 9 , , rt ' VCiU P in S recurrences (P - 0,02). Moreover, none of the patients with 

2^ i ^z^S ns,ope f metast r • 0ur data d ™ *■* °* ««^L * 

^pressed in i>t>s and that both membrane and cytoplasmic HER2/neu exnrp^inn 

S^^S^S W ' th am ° re fi^tedhric-l course. Further studies are 
KE« r I ° h ' S onc °e ene >n SSs and to evaluate the application of 

m0nOdOnaI antib0d ' eS " tnSmeni forTs 
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Molecular and Immunohistochemical 
Analysis of HER2/neu Oncogene in Synovial 
Sarcoma 
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reported m ^ partis,,, ^ os,^,,^ j^. 

HER2/ D « polyclco,! „db«d ; . Si, „„ mJ Arfeul ^ 5 „ ci . 

>bo« u* mean value, wfoereas 3 tumors (23%) dfaplaved HER2/«u 
pro.™, o^xp^on. Bo.h MoW „ »d c^Lw ™ 

Synovial sarcoma (SS) is an aggressive soft tissue 
major tha, account, for up to 1 0% of sarcomas' 
peak mc.der.ee , n adolescents and young adulte This 
umor occurs ,2 majorforms, ^ ^J^™" 
I ft., \\\ ^S^UcaJry characterized by the l(X- 
I8)(pl];qll) translocation, found in >95% of cases' 
Although traditionally considered ,„ be a high-g^e 
T.orTfl nW **"*»™ havesuggested^f, d* 
lr.2 \ T mfluence Ptosis, including morpho- 
log.cal ar^d cytogenetic features, trea.men.^tra.egies 
the plo.dysU.us.ar.dO.eapoptouc index' • ' 

such a^r ,OPn r' ° f ^ ^"P™* ^cements, 
oresenT ^ ^ ' of molecular aherauons 

prescn. ,n human mahgnancies, has bro V gh. ,o light ,he 
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found betw™ protein expression and rnRNA le^ (P = 0 . 0 n 
1 ' -^S^ reottTenccs ^ = 0.02). Moreover, none of 

*- MER2/neu is expressed nTsS, ^ ^ 
bodt »^mb-Be and cytoplasmic )IKR2/ ne u e3 cpression corr^, c 

/De " U,SSS " a clinical 

.ou^e. Further studies ^ needed ,o asses, .h. role of 0* oncogene 

£S l ri l7 ,Ua,C ^ ^ C ^ D «>f inhibitor humanized m ^ 
reverse ^t^^ chain rcaction , ^ ^ com J 

need to identify no t on)y progncsbc faciore, but also 
tumor features that are predictive of response to therapy 
One of the most exiensively studied molecular 

Srt 9 / CraPy " HER " 2/neu P'°'- oncogene. 
Ihe HhR-2/neu oncogene (also Ww„ as c-erbB-2) 
located on chromosome Hq2l, is a member of the 
lyrosmc kinase receptor family and encodes for a 185- 
kilodakon protein that shows 50% liomology iviih the 
epulermal growth factor receptor/- 3 This gene is am- 
pbned.and/or overexpressed in~20% to 30% of breast 
c^ronomas ■ and in various olh cr Mnnors, 6 and usually 
15 ^ ,Um ° r =W«avene« »nd poor prog- 

ot^o'/ S,UdiCS haVe sl, PP 0ft cd .he vahie of 

HLR-2/neu to predict the response to chemotherapy in 

a ^ C?nCer i^ d o lhC USC of r «ombi na m humanized 
anubocues toHER-2/neuproiem (Tmsimumabj in the 
»re of panenlswiih advanced, metric breast lumois 
nas been approved. 

The role of HER-2/neu activation in soft tissue 
tumors remans poorly undeiMood, and sca.ee molec- 
«iai data backing immunohlMochemica) s n,dics have 
been reported. H£R-2/neu P ,orei„ „pr CM io„ was im-" 
munohijlochemkaJly-Mudied in 20-1 .sarcomas i„rhid- 
mg b S&, and over expression ^ abse/n in a]) (hese 
inaljgnant mesenchymal neoplasms i0 

Recently, HER.2/„ CU alicaiion* have been de- 
scribed u , osteosarcoma, with a hi K h incidence nfpro- 
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TABLt 1. Clirfcopathdogic Features of 13 Patients With SS 



No. 


Age(y)/G 


Site 


Subtype 


Surgery 


Chemo/Radio 


Rec 


Mets 


HER2 


1 


68/F- 


Kl 


MF 


RR 


No 


Yes 


Yes 


L 


2 


71/F 


KE 


- BF 


WA 


No 


No 


No 


L 


3 


27/M 


Kl 


. BF 


' ME 


Yes 


Yes 


Yes 


JL 


4 


39/M 


T 


MF 


WE. 


Yes 


No 


No 


H 


5 


15/M 


N 


MFJ>D 


WE 


Yes 


No 


No 


H 


6 


41/F 


F 


MF^PD 


WA 


Yes 


No 


• No 


H 


. 7 


57/F 


Kl 


MF 


WA > 


No 


N/A 


N/A 


L 


8 


48/M . 


F 


BF,PD 


ME 


Yes 


Yes 


No 


L 


9 


29/F 


T 


PD 


WE 


Yes 


Yes 


Yes 


L 


id 


27/M 


KE 


BF 


WE 


No 


No 


No 


H 


ii 


62/F 


A . 


MF 


WE 


No 


Yes 


No 


L 


12 


62/F 


F 


MF 


WA 


No 


No 


No 


L 


13 


34/F 


L 


MF 


RR 


No 


No . 


No 


L 



FU(mo) 



108 
12 
24 
48 
48 
48. 
N/A 
36 
36 
24 
24 ■ 

2 

2 



Abbreviations: Age, age at diagnosis; G, . gender; M, rnaie; F, female; She, anatomic location; Kl, knee, intraarticular; KE;'knec, 
extra-articular; T, thigh; N. neck; F, foot; A, arm; L> leg; Subtype, histological subtype; MF, rnonophasic fibrous; BF, biphasic; MF-FI> 
monophasic fibrous with poor)y differentiated areas; BF-PD, biphasic with poorly differentiated areas; PD, poorly differentrated; Surgery[ 
primary surgical therapy; RR, radical en bloc resection; WA. wide through-bone amputation; ME, marginal en bloc excision; WE^wide en bloc* 
excision; Chemo/Radio, adjuvant postoperative chemotherapy and/or radiotherapy; Rec, recurrence; Mets, presence of metastasis; HER2 
HER2 mRNA expression; L, low expression; H, high expression; FU, follow-up status; N/A, not avaible, " 



tein expression, ranging from 42% to 61 %. n " ,s Indeed, 
despite limited information on Her2/neu in this type 
of malignancy, based mostly on immunohistochemicaJ 
findings, 2 clinical trials of TrastU2umab have been 
initiated for recurrent and metastatic osteosarcoma pa- 
tients (http://wvw.cancer.gov/clinical_trials: MSKCC- 
99097/NCJ-T9cH)083 and COG-AOST0121). 

Therefore, we evaluated the mRNA expression and 
the gene product of HER-2/neu in 13 SS patients using 
real-time reverse transcription-polymerase chain reac- 
tion (RT-PCR) and immuriohjstochemisiry. To the best 
of our knowledge, this is the first report documenting 
increased levels of HER-2/neu mRNA and protein 
in SS. 



MATERIALS AND METHODS 

Potient Population 

Thirteen patients with primary SSs, obtained from ihe 
file J of (he Department of Pathology, Gaetano Pini Orthope- 
dic Institute, were included in this study. Cases were chosen 
based on ihe availability of frozen primary rumor. Patient age 
ranged from 15 to 71 years (mean, 44.6 years). Anatomic sites 
included the knee (5 patients, 3 i»tra-arricujar). thigh (2 
patients), foot (3 patients), arm (1 patient), neck (1 patient), 
and lower Jrg (1 patient). The histological subrj-pes nere 3 
biphasic (BF), 6 monophasic fibrous (MF), 2 monophasic 
fibtous with poor ry differentiated areas (MF-PD), ) biphasic 
with poo try differentiated areas (BF-PD), and 1 pooily differ- 
entiated (PD). Clinical staging was JIB for all the patients. 
Local surgical excision was performed in 9 patients; amputa- 
tion, in 4 patients. Recurrence was observed in 5 cases with' 
subsequent amputation (3 patients) and local excision (2 
patients). Metastasis occurred to lung (2 patients) and ingui- 
nal lymph nodes (1 patients). Five patients received adjuvant 
postoperative chemotherapy, and 1 patient (case 4) was 
treated w»th chemotherapy associated with radiotherapy. Fol- 
low-up ranged from 2 to 108 months (mean, 34.3 months) . 
Chnicop.'itholotfic dura are summarized in Table 1. 



Pathologic Studies and Frozen Tissue 
Selection 

In all cases, the primary tumor was available' for study. 
Surgically resected rumor tissues were partly snap-frozen in 
liquid nitrogen and stored at -80°Cfor RNA extraction, and . 
partly fixed in buffered formalin and embedded in paraffin 
blocks. Hematoxylin and eosin-stained sections were TC-eva>- 
uated and graded according to FNCLCC grading system. 16 
Frozen tissue blocks were handled as follows: 4-fiAthick frozen 
sections were cut and stained with hematoxylin and eosin to 
determine the percentage of tumor cells present in the spec- 
imen. We used tissue blocks with tumor cells comprising 
more than 80% of the specimen. About 10 20-p.thick sections 
were collected into Eppendorf tubes. Another 4-u-thick fro- 
zen section was cut after the serial sections and examined by 
light microscopy to guarantee the percentage of tumor cells 
collected. Triiol (life Technologies; Gibco BRL, Gaithers- 
burg, MD) was used for RNA extraction, according to the 
manufacturer's protocol. RNA was quamified spectrophoto- 
metrically. 



cDNA Synthesis 

Total RNA (200 ng) was re verse- transcribed in a total 
volume of 50 uL containing 1 X Taq.Man buffer, 5.5 mmol 
MgCL,, 1 mmol deoxynucleotides, 2.5 umol random hexam- 
crs, 20 U RNase inhibitor, and 62.5 U MuLv reverse transcrip- 
tase. The samples were incubated at 25°C for 10 minutes, 
48"C for 30 minutes and 95°C for 5 minutes. 



PCR Amplification 

Amplification reactions were performed with the Univer- 
sal Taq.Man 2 X PGR master mix in a volume of 25 ;iL con- 
taining 300 nmol of each primer, 100 mnol of probe, and 5 
/jL of cDNA; Both fi-acon and HER2/neu amplification weie 
done in duplicate for each sample. 

The theimal cycling conditions included 2 minutes at 
50 C C and 1 0 minutes ai 95X, followed by 40 cycles of 95 = C for 
15 seconds and f>0°C for 1 minute. All reagents used for 
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RT-PCR were purchased from Applied Biosystems (Foster 
Ciry, CA). 

Primers ond Probes 

Primers a D d probes for>actin and HER2/neu mRNA 
were chosen using the computer program Primer Express 
ujyif Bios >* tcni5 >- Sequences of the forward primer for 
HEK2/neu mRNA (CenBank accession number X03363) 
were 5'-TCC TCT CTC CAC CTG GAT CAC3' and .he 
reverse primer 51-CCA AAG ACC ACC CCC AAG A-3'- the 
sequence of the TaqMan probe was 5* (FAM)-AGC AGA ATG 
CCA ACC ACC CCA CA-(TAMRA)-3\ Sequences of the for- 
wd pnmer for ^acrin mRNA (GenBank accession number 
X00351) were 5-TCC TTC CTG CCC ATG GAG3' and the 
reverse primer 5'AGG AGG ACC AAT GAT GIT GAT CTT- 
3'; the sequence of the TaqMan probe was5VFAM)-CCTGTG 
GCA TCC ACC AAA CTA CCT T C(TAM]U)y. Prob„ «',e 
purchased from Applied Biosystems. 

Reo^Time RT-PCR 

To measure HER2/ neu expression in these tumors we 
used a real-ume quantitative RT-PCR based on TaqMan meth- 
odology, as previously described, 1 * with minor modifications. 
Briefly, this technique allows, by means of fluorescence emis- 
sion, to find the cycling point when PCR product is detectable 
(U value or threshold cycle). As previously reported, the Ct 
value correlates to the starting quantity of the target mRNA. 1 8 
To normalize the amount of total RNA present in each reac- 
tion, wc amplified the housekeeping gene ^actin, which is 
assumed to be constant in both normal samples and rumor 
tissues. 

nx^ r 7 5UltS 3rC "P'* 85 ^ ^ relative levels of HER2/neu 
mRNA. referred .o a sample, called a -calibrator," chosen io 
represent IX expression of this gene. The calibrator was a 
breast cancer cellular line (MCF-7)" that was analyzed on 
every assay plate wi,h the unknown samples. All of the ana- 
lyzed rumors expressed n-fold HER2/ ncu mRNA relative to 
tne calibrator. 

The amount of target, normalized to an endogenous 
reference <£nctm) aTjd relative to the calibrator, was defined, 
by the AACt method as described by Livak K. (Sequence 
Detector User Bullerin 2; Applied Biosystems). Specifically, 
the formula is applied as follows: 

target amount = 2~^ r ' 

where AA C t = ||C. (HER2/neu sample) - Ct (/^ctin 
sample)] - [C. (HER2/neu cnlibra.or) - Ct (r^acrin calibra- 
tor)]!. 



Immunohislochemistry 

Form aIm fa cd paraffWmbedded tissue sections were 
deparaffimzed, rehydrared. and exposed to the primary anti- 
body usmg J, e EnV,sion4 system (Dako, Carpinteria CA) 
Pnntary amr-HER-2/neu antibody (rabbit polyclonal anti^ 

of 1:2000 for 60 m.m.ics at mom temperature. Before expo- 
sure to the primary antibody, sections were mioowave-pie- 
.ren.cd ,» ED1A. pH 8.0. to reprieve an.igen.cir>-, andincu- 
bated w,th endogenous perosidasc-blocking solution for 10 
minmesai room temperature. Positive control, constituted bv 
? i«d t i ? ,t,nom3 4h ^»g more than 80% positive stammr 
for HER2/neu. as well as negative control, in which the 
•pnmary annbody was omitted, were stained in parallel 




rwrrolti&suen^e syrxivialsarcorrBs synovial sweomas 
(bw expression) (hV» expression) 1 . 
n=9. - - n*4 

FIGURE 1. D^rirxrHon of HER2/r>eu mRNA levels' in noimol 

r^™wL* "!? " tow " and h ^^ession sarcomas. 
Daro ewe expressed as mean and standard error of the mean 
for eocn group. 



All cases were examined for both cytoplasmic and mem- 
brane immunoreacovity. Cytoplasmic staining was evaluated 
op a semiquantitative scale, according to Kilpatrick el al with 
minor modifications, 20 and reported as 0 (no staining or 
stammg ,n <10% of cells), 1+ (weak staining in >10% of 
cells). 2+ (moderate staining. in >IQ% 0 f ce lb), or 3+ 
(strong staining in >10% of celb). The presence of a mem- 
branous pattern of staining was recorded separately and 
scored as absent .(no staining or weak staining in <10% of 
cells) or present (complete and/or incomplete staining in 
>10% of cells). Tumors with a cytoplasmic score of 3+ were 
considered to have high HER-2/neu protein expression. 

Sloiisticol Analysis 

Statistical differences were calculated by Fisher's exact 
test. The Mest method was used to evaluate the differences 
between groups. Differences were considered statistically sig- 
nificant when P was <0.05. 



RESULTS 

HEf?2/neu mRNA Evaluation 

All of the tissues analyzed contained delectable 
)eve)s ofWR2-nev mKNA Sa norma) tissue sompfes 
(skeletal muscle) were used to establish basal level of 
HER2/neu mWMA. All the normal samples expressed 
very Jow levels of HER2/neu mRNA, ranging from 0.9 
io 1.9 n (mean, 1.4 „). Among die 13 tumor samples, 
HER2/neu levels varied greatly, ranging fiom 2.1 to 
24 n. Setting a cutoff level at 7.9 n (a value ihai repre- 
sents the mean value of expression distribution of die 
SSs), 9 cases (69%) had low HJER2/neu expression and 
i cases (31%) had high HKR2/neu -expression (Fig 1; 
Table 1). The difference between ihe 2 groups (low 
and hrgh H"ER2/neu tumors) was statistically sitmificani 
[P= 0.0004). 
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FIGURE 2. Immunohistochemicol loc citation ot HER?/neu in SS. (A) Positive control (breast canoe*) showing typical strong 
membrane pattern ot positivity. (B) Cose 2, a triphasic SS, displaying very tocal membrane staining limited to a gland. Inset: tocal 
weak cytoplasmic positivity in the epithelial component ot the same cose. (C) Cose 10. the epithelial component ot thisbiphasic 
SS. displaying strong membrane pattern. ot staining. (D) Case A, an epithelioid area in ornonophoslc fibrous SS. showing strong 
cytoplasmic positivity. 



HER2/neu Protein Expression 

Staining with HER2/neu antibody revealed a vari- 
able cytoplasmic and membrane staining pattern. 
Three tumors (23%) showed strong staining involving 
both ihe cell membrane and the cytoplasm (cases 4, 5, 
and 10); weak to moderate, exclusively cytoplasmic 
staining was observed in 7 cases (cases 1, 3, 6, 7, 8, 9, 
and 11). No staining was detected in 2 tumors (cases J 2 
and 13). In 1 case (case 2), a cluster of glandular 
structures representing <5% of the mm or showed 
weak cytoplasmic and very focal membrane staining, 
the (aner limited to a single gland. The epidrelial/ 
epithelioid components exhibited stronger cytoplasmic 
staining compared with die spindle-ceil component of 
the turnors. Membrane staining was predominantly in- 
complete and limited to the epitbelial/epiihelioid ar- 
eas. All 3 cases with high immunohisiochernical expres- 
sion of HER2/neu (cases \, b, and 10) w^re grade 11] 
sarcomas, including 1 ME. ] BE, and 1 MF-PD SSs. 



Examples bTMER2/neu cyjbplasrriic arid membrane 
staining are depicted in Figure 2. 

Correlation of Molecular and 
Immunohistochemicol Results 

A strong, statistically significant association was 
present between protein expression, for both mem- 
brane and cytoplasmic staining, and HEK2/neu mRNA 
levels (P = O.OJ), although 1 case (case 6) displayed 
discordant results. Interestingly, this neoplasm showed 
high HER2/neu mRNA levels, whereas only weak stain- 
ing, limited to the cytoplasm of a minority of minor 
cells, was detected by immunohistocheinicaj analysis. 

HER2/neu Expression onci Clinic opal hologic 
Parameters 

Both HER2/neu protein expression and mRNA 
levels were evaluated to establish the relationships to 
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TABIE 2. Corretafion Between Clinicopathologic 
Features and HER2/neu Expression as Detected by 
IHC and RT-PCR 



HER2/ncu 
IHC PGR 



Variable 



L H Pvalue L H Pvalue 



3 3 
7 0 



3 0 
7 3 



Age (years) 
<40 
>40 
Sex 
FcroaJc 
Mate 

Tumor size (cm) 
<5 
>5 

Histological grade 
II 
3» 

Histological type 
MP 
. BF 
PD 

Cbem o/ Radiotherapy* 
Yes 4 2 

No 5 ] 

Recurrence"! 

Y« 5 0 

No 2 3 

• Metastasis^ 
V« 3 0 

No 4 3 



NS 



3 3 
6 1 



8 ,0 7 1 

2 3 0.03 2 3 



NS 



3 2 3 2 

7 J NS 6 2 NS 



NS 



3 0 
6 4 



NS . 



* ' 1 5 1 

2 1 2 1 

3 J NS 2 2 NS 



NS 



NS 



NS 



3 3 
5 1 



5 0 
1 4 



3 0 
3 4 



NS 



O.02 



. Abbre^bonr U low expression; H, high expression; NS, not 
significant; MF, monophasic fibrous; BF, biphasic; PD, poorly differ- 
entiated (including MF and BF ivith poorly diffcreniiatcd ureas) 

Information not available for case 7. 
1 Cases 7. 12, and 13 ~ere excluded from the analysis. 

clinicopathologic features, including local recurrence 
and metastatic disease. Two cases {cases 1 2 and 1 3) with 
follow-up less than 12 months and ) case (case 7) for 
which clinical information was not available were ex- 
cluded from the analysis of recurrences and metastatic ■ 
behavior. 

No correlation was observed between HER2/neu 
mRNA expression and age. sex, tumor siz*e, tumor 
grade, hislotype, and metastasis. A correlation between 
sex of the patients and HER2/neu protein expression 
was found. Jn fact, none of the female patients showed 
high HER2/nen protein expression {P - 0.03) Pa- 
tients with high Her2/neu mRNA levels had a lower 
risk of recurrence than those with low Her2/neu 
mRNA levels (P - 0.02). None of the cases with high 
HER2/neu mRNA levels developed metastatic foci, al- 
though the small number of observations precluded 
reaching statistical significance (P = 0.)). Results are 
detailed in Table 2. 

DISCUSSION 

The present work provides the first combined mo- 
lecular by real-time RT-PCR and imimmohisioc^eniical 
evidence that HER2/nru ovei expiession occurs in SSs 



Our results indicate that this parameter may provide 
prognostic information and suggest that a specific ther- 
apy with humanized monoclonal antibodies against 
HER2/neu may be considered in a significant number 
ofSSs. 

The HER2/neu oncogene has been . extensively 
investiga ted as. a prognostic factor and more recently as 
a predictor of response to therapy. It has been demon 
strated in breast cancer, where HER2/neu overexpres- 
sion is usually associated with gene amplification, 5 * and 
in other epithelial tumors, mcluding ovarian, gastric 
lung, and urinary bladder carcinomas. 

HER-2/neu amplification/overexpression appears * 
to be an early event in oncogenic transformation by 
interacting with other members of the HER famDy. 3 I n 
breast cancer, it is involved in cell cycle and apoptotic 
pathways through the antiapoptotic effects mediated bv 
p53 and p21 deregulation/ 2 ^ " \ . . . 

Whether HER2/neu overexpression plays an im- 
portant role in mesenchymal neoplasms remains con- 
troversial An irnmunohistochenucal study of sarcomas, 
using a monoclonal antibody, reported no evidence of 
immunoreactivity for HER-2/neu in 6 SSs as well as in 
other 197 mesenchymal tumors, with cytoplasmic reac- 
tivity observed only in 1 case of peripheral neuroepi- 
thelioma. A recent investigation reported gene ex- 
pression profiles of 41 soft, tissue tumors with cI>NA 
microarray analysis. Among these sarcomas, 6 
monophasic SSs were characterized by a unique expres- 
sion pattern of a cluster of 104 genes, mcluding the 
epidermal growth factor receptor, which shows 50% 
homology with the HER2/ neu gene. 24 These data also 
suggest that the erb-B receptor family plays a significant 
role in SS. It has been demonstrated that a variable 
number of osteosarcomas overexpress HER2/neu. )M5 
However,, more recent studies 20 ^ 5 ' 26 were unable to 
detect any HER2/neu gene amplification and/or over- 
expression using fluorescence in situ hybridization 
(FISH), RT-PCR, and immunohistochernistry. 

Differences in the techniques used may play an 
important role and explain (at least in part) these 
discrepancies. HER2/ ne u alterations can be evaluated 
using different techniques irrcluding immunohisto- 
chemistry> FISH, Southern hybridization, Northern 
blot, and competitive, differential, or real-time PCR. 27 
Irnmunohisiochemistry is the most common method 
for detection of.HER2/neu overexpression, but it is 
significandy affected by the sensitivity and specificity of 
the antibodies used, the type of tissue /frozen versus 
formalin-fixed), and the various interpretative criteria 
and scoring systems used to evaluate cases. Indeed, 
most studies of HER2/neu expression in osteosarcoma 
used imnjunohistochemical techniques, with different 
monoclonal oi polyclonal antibodies. The discrepancy 
in results may stem from the use of different antibodies, 
as well as a lack of standardized evaluation. 

For these reasons, to evaluate HER2/neu immu- 
noreaciiviry in our study, we used a polyclonal antibody 
(Dako, Caipinteria, CA), arguably the most diffuse and 
thoroughly tested antibody for H£R2/neu assessment. 
Furthermore, we investigated HI ER 2/ neu mH^A ex- 
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pression with real-time RT-PCR, because it has been 
demonstrated that mRNA levels correlates lightly with 
protein expression. 28 At present, real-time RT-PCR 
probably represents the most powerful tool for quanti- 
tative analysis, because it allows better internal control 
and reduction of sample contamination, and provides 
more objective results. 18 

We analyzed HER2/neu gene expression at the 
mRNA and protein level in 13 cases of SS. HER2/neu 
expression was found in all of the cases investigated, 
and mRNA content in the tumors varied from 2.1 to 
24 n. 

The variability of mRNA levels in SSs is reflected 
on heterogeneity of protein expression pattern as de- 
tected by immunohistochemistry. We found that 
HER2/neu immunoreacuvity correlates strongly with 
mRNA levels. A convincing cytoplasmic imrnunoreac- 
tivity was documented with the polyclonal antibody in 
10 of 13 sarcomas. Distinct membranous staining was 
observed in 3. cases, although it was never comparable 
to the positive breast control. It was predominantly 
incomplete and identified in the epithelial/epithelioid 
component of SS. Interestingly, all of the cases with 
strong cytoplasmic staining also exhibited a membrane- 
staining pattern. 

In breast cancers, a membranous pattern, of stain- 
ing is thought to be specific for HER2/neu protein 
expression and correlated with gene amplification, 
whereas cytoplasmic staining is usually considered non- 
specific. 25 However, cytoplasmic posiriviry for HER2/. 
neu has been reported to be prognosrically significant 
in other tumor types^ including bladder, colon, pan- 
creas, thyroid, and nasopharyngeal carcinomas, and 
even in breast cancer. 3 

Patients with high HER2/neu mRNA expression 
had a significantly lower risk of recurrence. Similarly, 
all of the cases with high HER2/neu expression did not 
metastasize, although this correlation did not reach 
statistical significance due to the small number of cases 
studied. These data suggest that HER2/neu plays a role 
in the biology of SS and that HER2/neu overexpression 
may be linked to a less-aggressive clinical behavior. 
Indeed, unlike many cancers where }JER2/neu overex- 
pression has been shown to correlate wjth poor prog- 
nosis, HER2/neu levels are linked to n more favorable 
clinical course in other malignant rumors, such as thy- 
joid carcinoma and osteosarcoma. 15 * 34 

The molecular mechanisms responsible for the 
action of HER-2/neu in SSs are unknown. A possible 
interaction between J-JER-2/neu and the other mem- 
bers of HER family could be impoiinm in tumorigen- 
esis. Derangements of other oncogenes, tumor s\)ppres- 
sors, and apoptosis regulators have been described in 
SSs. For instance, many SSs have been shown to be 
diffusely positive for be 1-2 family proteins (be 1-2, bax, 
bcl-x, and bak). These members of the be 1-2 family are 
involved in the regulation of apoptosis in SS. 36 This 
raises the hypothesis thai complex alterations in apop- 
tosis-corr trolling mechanisms are present in these neo- 
plasms, with HER-2/ncu interacting with Be I- 2 family 



members. Further studies. are needed to clarify the 
mechanisms of apoptosis in SS. 

Depending on the size and location, the therapy of 
choice for SS is radical local excision or amputation.. 
Whenever radical surgery cannot be performed, radio- 
therapy in concert with local excision is suggested in an. 
attempt to avoid the need for amputation. Only re- 
cently has a study evaluated the possible role of chemo- 
therapy in the treatment of SS. 7 

The role of molecular markers in predicting' treat- 
ment responsiveness is currendy the focus of extensive 
investigation. Breast cancer patients with high HER2/ 
neu expression appeared to benefit from high-dose 
CAF (cyclophophamide, adriamycin, and S-fluoroura- 
cil) therapy. 38 In our study, 3 of 4 patients with high 
HER2/neu expression received adjuvant chemother- 
apy with ifosfamide; these patients had a favorable clin- 
ical outcome. These data raise the possibility that 
HER2/neu may have value in predicting which patients 
are likely to respond to specific adjuvant chemotherapy 
regimens. Whether the favorable significance of 
HER2/neu expression depends on predicting clinical 
recurrence, response to chemotherapy, or both re- 
mains to be fully elucidated in SS patients. * 

To the best of our knowledge, this is the first 
report that shows expression of HER2/neu in primary 
SS by real-rime RT-PCR. Elevated levels of HER2/neu 
rhRNA and protein are found in a significant group of 
SS patients, and these levels appear to correlate with 
features of good prognosis. Furthermore, our results 
suggest that this mechanism of disease in SS may be the 
target of specific inhibitory therapies based on human- 
ized monoclonal antibodies. Considering the small 
number of patients examined, further investigation is 
needed to confirm these preliminary findings. 
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Genome-wide study of gene copy numbers, transcripts, and protein levels 
in pairs of non-invasive and invasive human transitional cell carcinomas. 
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Gain and loss of chromosomal material is characteristic of bladder cancer, as well as 
malignant transformation in general. The consequences of these changes at both the 
ranscnption and translation levels is at presen t unknown partly because of technical 
limitations. Here we have attempted to address this question in pairs of non-invasive and 
invasive human bladder tumors using a combination of technology that included 
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Gain and loss ol chromosomal material is characteristic 
ol bladder cancer, as well as malignant transformation in 
general. The consequences of these changes at both the 
Iranscription and translation levels is at present unknown 
partly because of technical limitations. Here we have at- 
tempted to address this question in pairs of non-invasive 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array- based monitor- 
ing of transcript levels (5600 genes), and high resolution 
two-dimensional gel electrophoresis. The results showed 
that there is a gene dosage effect that in some cases 
superimposes on other regulatory mechanisms. This ef-: 
feet depended (p <r 0.015) on the magnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold gain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript levels. Be- 
cause most proteins resolved by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in relatively few cases of well focused 
abundant proteins. With few exceptions we found a good 
correlation {p < 0.005) between transcript alterations and 
protein levels. The implications, as well as limitations, 
of the approach are discussed. Molecular & Cellular 
Proteomrcs 1:37-45, 2002. 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 
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phenomenon at both the transcription and translation levels. 
High throughput array studies of the breast cancer cell line 
BT474 has suggested that there is a correlation between 
DNA copy numbers and gene expression in highly amplified 
areas (2), and studies of individual genes in solid tumors 
have revealed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, eyefin d1, 
emsl, and N-myc (3^5). However, a high cyclin Dt protein 
expression has been observed without simultaneous am- 
plification (4), and a low level of c-myc copy number in- 
crease was observed without concomitant c-myc protein 
overexpression (6). 

In human bladder tumors, karyotyping, fluorescent in situ 
hybridization, and comparative genomic hybridization .(CGH) 1 
have revealed chromosomal aberrations that seem to be 
characteristic of certain stages of disease progression. In the 
case of non-invasive pTa transitional cell carcinomas (TCCs), 
this includes loss of chromosome 9 or parts of it, as well as 
loss of Y in males. In minimally invasive pT1 TCCs; the fol- 
lowing alterations have been reported: 2q-, 1tp-, 1q+, 
11q13+, 17q+, and 20q+ (7-12). It has been suggested that 
these regions harbor tumor suppressor genes and onco- 
genes; however, the large chromosomal areas involved often 
contain many genes, making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

In this investigation we have combined genome- wide tech- 
nology for detecting genomic gains and losses (CGH) with, 
gene expression profiling techniques (microarrays and pro- 
teomics) to determine the effect of gene copy , number on 
transcript and protein levels in pairs of non- invasive and in- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 

Material— Bladder tumor biopsies were sampled after informed 
consent was obtained and after removal ol tissue lor routine pathol- 
ogy examination. By light microscopy tumors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary); 

1 The abbreviations used are: CGH, comparative genomic hybrid- 
ization; TCC. transitional cefl carcinoma; LOH, loss of heterozygosity; 
PA-FABP, psoriasis- associated fatty acid-binding protein; 2D, 
two-dimensional. 
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. Fig. 1. DNA copy number and mRNA expression level. Shown from left to right are chromosome (Chr.) t CGH profiles, gene location and 
expression level of specific genes, and overall expression level along the chromosome. A. expression of mRNA in invasive tumor 733 as 
compared with the non-invasive counterpart tumor 335. 0, expression of mRNA in invasive tumor 827 compared with the non-invasive 
counterpart tumor 532. The average fluorescent signal ratio between tumor DNA and normal DNA is shown along the lenglh of the chromosome 
(/eft). The bold curve in the ratio profile represents a mean of tour chromosomes and is surrounded by thin curves indicating one standard 
deviation. The central vertical fine (broken) indicates a ratio value of 1 (no change), and the vertical lines next to it {dotted) indicate a ralio of 
, 0.5 (/eft) and 2.0 {right). In chromosomes where the non-invasive tumor 335 used lor comparison showed alterations in DNA content, the ralio 
prpfile of that chromosome is shown to the right . of Ihe invasive tumor profile. The colored bars represents one gene each, identified by the 
running numbers above the bars (the name of the gene can be seen at www.MDL.DK/sdata.htmi). The bars indicate the purported location of 
Ihe gene, and the colors indicate Ihe expression level ol the gene in the invasive tumor compared with the non-invasive counterpart; > 2- fold 
increase (b/acA), >2-fold decrease (blue), no significant change (orange). The bar to Ihe far right, entitled Expression shows the resulting change . 
in expression along the chromosome; the cofors indicate that at least half of Ihe genes were up-regulated (black), at least half of Ihe genes 
down- regulated (b/ue). or more than half of ihe genes are unchanged (orange). If a gene was absent in one of the samples and present in 
another, il was regarded as more than a 2- fold change. A 2-lold level was chosen as this corresponded to one standard deviation in a double 
determination of —1800 genes. Centromeres and heterochromatic regions were excluded from data analysis. 

UTP (Enzo) was used, together with unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, Ihe unincorporated nu- 
cleotides were removed using RNeasy columns (Oiagen). 

Array Hybridization and Scanning— Af ray hybridization and scan- 
ning was modi lied from a previous method (13). 10 fig of cRNA was 
fragmented at 94 °C for 35 min in buffer containing 40 rr>M Tris 
acetate, pH 8.1, 100 rim KOAc, 30 mM MgOAc. Prior to hybridization, 
the tragmented cRNA in a 6x SSPE-T hybridization buffer (1 m NaCt, 
10 mM Tris, pH 7.6, 0.005% Triton), was heated to 95 °C tor 5 min, 
subsequently cooled to 40 °C. and loaded onto the Atfymetrix probe 
array cartridge. The probe array was then incubated for 16 h al 40 'C 
at constant rotation (60 rpm). The probe array was exposed to 10 
washes in 6x SSPE-T at 25 °C followed by 4 washes in 0.5 x SSPE-T 
at 50 *C. The biotinylated cRNA was stained with a streptavidin- 
phycoerylhrin conjugale, tO ^Q/m\ (Molecular Probes) in 6x SSPE-T 



grade 1 and II, respectively, tumors 733 and 827 were staged as pT1 
(invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade III. 

mRNA Preparation—Tissue biopsies, obtained fresh from surgery, 
were embedded immediately in a sodium- guanidinium thiocyanate 
solution and stored at -80 'C. Total RNA was isolated using the 
RNAzol B RNA isolation method (WAK-Chemie Medical GMBH). 
poly(A)"* RNA was isolated by an oligo(dT) selection step (Oligotex 
. mRNA kit; Oiagen). 

CRN A Preparation— 1 jig of mRNA was used as starting material. 
The .first and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invitrogen) according to the manufac- 
turer's instructions but using an oligo(dT) primer containing a T7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME- 
GAscrip® in vitro transcription kit (Ambion). Biol in- labeled CTP and 
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Fig. 1 — continued 



tor 30 min at 25 "C followed by 1 0 washes in 6x SSPE-T al 25 *C. The 
probe arrays were scanned at 560 nm using a confocal laser scanning 
microscope (made lor Affymetrix by Hewlett-Packard). The readings 
from the quantitative scanning were analyzed by Affymetrix gene 
expression analysis software. 

Microsatellite Analysis — Microsatellite Analysis was performed as 
described previously (14). MicrosateHiles were selected by use of 
www.ncbi.nlm.nih.gov/genemap98, and primer sequences were ob- 
tained from the genome data base at www.gdb.org. DMA was extracted 
from tumor and blood and amplified by PCR in a volume of 20 >J tor 35 
cycles. The ampficons were denatured and etectrophoresed for 3 h in an 
ABI Prism 377. Data were collected in the Gene Scan program for 
fragment analysis. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor amplicons compared with blood. 

Proteomic Analysis— TCCs were minced into small pieces and 
homogenized in a small glass homogenizer in 0.5 ml of lysis solution. 
Samples were stored at -20 °C until use. The procedure tor 2D gel 
electrophoresis has been described in detail elsewhere (15, 16). Gels 
were stained with silver nitrate and/or Coomassie Brilliant Blue. Pro- 
teins were identified by a combination of procedures that included 
microsequencing, mass spectrometry, two-dimensional get Western 
tmmunoblotting, and comparison with the master two-dimensional gel 
image of human keratinocyte proteins; see biobase.dk/cgi-bin/cefis. 

CGH- Hybridization ot differentially labeled tumor and normal DNA 
to normal metaphase chromosomes was performed as described 
previously (10). Fluorescein- labeled tumor DNA (200 ng), Texas Red- 



labeled reference DNA (200 ng), and human Cot-1 DNA (20 ^g) were 
denatured at 37 °C for 5 min and applied to denatured normal met- 
aphase slides. Hybridization was at 37 *C lor 2 days. After washing, 
Ihe slides were counterstained with 0.15 tig/ml 4,6-diamidino-2-phe- 
nylindole in an anti-lade solution. A second hybridization was per- 
formed lor alt tumor samples using fluorescein- labeled relerence DNA 
and Texas Red-labeled tumor DNA (inverse labeling) to confirm the 
aberrations detected during the initial hybridization. Each CGH ex- 
periment also included a normaJ control hybridization using ftuores- 
ceinr and Texas Red-labeled normal DNA. Digital image analysis was 
used to identify chromosomal regions with abnormal fluorescence 
ratios, indicating regions of DNA gains and losses. The average 
green:red fluorescence intensity ratio profiles were calculated using 
tour images of each chromosome (eight chromosomes total) with 
normalization of the greemred fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was pertoimed based on 4,6-diamidino-2-phenylindole band- 
ing patterns. Only images showing uniform high intensity fluores- 
cence with minimal background staining were analyzed. All 
centromeres, p arms of acrocentric chromosomes, and heterochro- 
matic regions were excluded from the analysis. 

RESULTS 

Comparative Genomic Hybridization— the CGH analysis 
identified a number of chromosomal gains and losses in the 
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Table I 

. Correlation between alterations detected by CGH and by expression monitoring 
Top. CGH used as independent variable (if CGH alteration - what expression ratio was found); bottom, altered expression used as 
independent variable (if expression alteration - what CGH deviation was found). ■ " " 



CGH alterations 



Tumor 733 vs. 335 
Expression change clusters 



Concordance 



CGH alterations 



Tumor 827 vs. 532 
Expression change clusters 



Concordance 



13 Gain 



10 Loss 



10 Up-regulation 

0 Down- regulation 

3 No change 

1 Up-regulation 

5 Down-regulation 

4 No change 



77% 



50% 



10 Gain 



12 Loss 



8 Up-regulation 
0 Down-regulation 

2 No change 

3 Up-regulation 

2 Down regulation 
7 No change 



80% 



17% 



Expression change clusters 



Tumor 733 vs. 335 
CGH alterations 



Concordance Expression change clusters 



Tumor 827 vs. 532 
CGH alterations 



Concordance 



16 Up-regulation 
21 Down- regulation 
15 No change 



11 Gain 

2 Loss 

3 No change 
1 Gain 

8 Loss 

12 No change 
3 Gain 

3 Loss 

9 No change 



69% 



38% 



60% 



17 Up-regulation 



9 Down-regulation 



21 No change 



10 Gain 

5 Loss. 

2 No change 

0 Gain 

3 Loss 

6 No change 

1 Gain 
3 Loss 

17 No change 



59% 



33% 



81% 



two invasive tumors (stage pT1, TCCs 733 and 827), whereas 
the two non-invasive papillomas (stage pTa, TCCs 335 and 
532) showed only 9p-, 9q22-q33-, and X-, and 7+; 9q-, 
and Y-, respectively. Both invasive tumors showed changes 
(1q22-24+, 2q14.1-qter-, 3q12-q13.3-, 6q12-q22-, 
9q34+, 11q12-q13+, 17+, and 20q11.2-q12+) that are typ- 
ical for their disease stage, as well as additional alterations, 
some of which are shown in Fig. 1. Areas with gains and 
losses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was 0.4-fold 
iri the case of TCC 733 and 0.3-fold for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 in TCC 733 (Fig. 1A) and 
20q12inTCC 827 (Fig. 18). 

mRNA Expression in Relation to DNA Copy Number— The 
mRNA levels from the two invasive tumors (TCCs 827 and 
733) were compared with the two non-invasive counterparts 
fJCCs 532 and 335). This was done in two separate experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1,800 genes that yielded a signal on the arrays 
were searched in the Unigene and Genemap data bases for 
chromosomal location, and those with a known location 
(1096) were plotted as bars covering their purported locus. In 
that way it was possible to construct a graphic presentation of 
DNA copy number and relative mRNA levels along the indi- 
vidual chromosomes (Fig. 1). 

For each mRNA a ratio was calculated between the level in 
the invasive versus the non-invasive counterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



than 2-fbId were regarded as informative (Fig. 1). The density 
of genes along the chromosomes varied, and areas contain- 
ing only one gene were excluded from the calculations. The 
resolution of the CGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made from the data. For the 
first set we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations in these 
chromosomal areas. In general, areas with a strong gain of 
. chromosomal material contained a cluster of genes having 
increased mRNA expression. For example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
increased mRNA expression levels in the two tumor pairs (Fig. 
1). In most cases, chromosomal gains detected by CGH were 
accompanied by an increased level of transcripts in both 
TCCs 733 (77%) and 827 (80%) (Table I, fop). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA levels (Table I, top). The inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of calculations we selected expression 
alterations above 2- fold as the independent variable and es- 
timated the frequency of CGH alterations in these areas. As 
above, we found that increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733, 69% and 
TCC 827, 59%), whereas reduced expression was often de- 
tected in areas with unaltered CGH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas with no alter - 
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Fig 2 Correlation between maximum CGH aberration and the ability to detect expression change by oligonucleotide array 
monitoring The aberration is shown as a numerical -told change in ratio between invasive tumors 827 (A) and 733 (♦ ) and their non-invasrve 
counterparts 532 and 335. The expression change was taken from the Expression line to the right in Fig. 1. which depicts the resullrng 
expression change lor a given chromosomal region. At least half of the mRNAs from a given region have to be either up- or down-regulaled 
to be scored as an expression change. All chromosomal arms in which the CGH ratio plus or minus one standard deviation was outside the 
ratio value of one were included. 



ation in expression. No alteration was detected by CGH in 
most of these areas (TCC 733, 60% and TCC 827, 81%; see 
Table I. bottom). Because the ability to observe reduced or 
increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximum CGH aberrations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide arrays (Fig. 2). For both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the QNA copy number) and alterations detected by the array 
based technology (Fig. 2). Similar data were obtained when 
areas with altered expression were used as independent vari- 
ables. These areas correlated best with CGH when the CGH 
ratio deviated 1.6- to 2-0-fold (Table I, bottom) but mostly did 
not at lower CGH deviations. These data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off point for detection of expres- 
sion alterations. Gain of chromosomal material can occur lo a 
. much larger extent. 

Microsatellite- based Detection of Minor Areas ot Loss- 
es— \n TCC 733, several chromosomal areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Fig. 1. TCC 733 
chromosome 1q32, 2p21,. and 7q2Vand q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



because of other non-structural mechanisms regulating tran- 
scription, we examined two microsatellites positioned at chro- 
mosome 1q25-32 and two at chromosome 2p22. Loss of 
heterozygosity (LOH) was found at both 1q25 and at 2p22 
indicating that minor deleted areas were not detected with the 
resolution of CGH (Fig. 3). Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no change/gain of 
DNA that correlated with transcript increase/decrease/in- , 
crease. Thus, for the areas showing increased expression 
there was a correlation with the DNA copy number alterations 
(Fig. 1/4). As indicated above, the mRNA decrease observed in 
the middle of the chromosomal gain was because of LOH, 
implying that one of the mechanisms for mRNA down- regu- 
lation may be regions that have undergone smaller losses of 
chromosomal material. However, this cannot be detected with 
the resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome 11p showed a normal ratio in the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
their expression. Two microsatellites (D11S1760, D11S922) 
positioned close to MUC2, IGF2, and cathepsin D indicated 
LOH as the most likely mechanism behind the loss of expres- 
sion (data not shown). 

A reduced expression of mRNA observed in TCC 733 at 
chromosomes 3q24, 11p11, 12p12.2, 12q21,t, and 16q24 
and in TCC 827 at chromosome 11pl5.5, 12pl1, 15q11.2, 
and I8q12 was also examined for chromosomal losses using 
microsatellites positioned as close as possible to the gene loci 
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FtG. 3. Microsatellite analysis of loss of heterozygosity. Tumor 
733 showing loss ol heterozygosity at chromosome 1q25, detected 
(a) by D1S215 close to Hu class I histocompatibility antigen (gene 
number 38 in Fig. 1). (b) by D1S2735 close to cathepsin E (gene 
number 41 in Fig. 1), and (c) at chromosome 2p23 by D2S2251 close, 
to general ^-spectrin (gene number 1 1 on Rg. 1) and of (cO tumor 827 
showing toss ol heterozygosity at chromosome 18q12 by S18S1118 
close to mitochondrial 3-oxoacyl-ooenzyme A thiolase (gene number 
12 in Fig. 1). The upper curves show the electropherogram obtained 
from normal DNA from leukocytes {N) t and the lower curves show the 
electropherogram from tumor DNA (7). In all cases one allele is 
partially tost in ihe tumor amplicon. 

showing reduced mRNA transcripts. Only the microsatellite 
positioned at 18q12 showed LOH (Fig. 3), suggesting that 
transcriptional down-regulation of genes in the other regions 
may be controlled by other mechanisms. 

Relation between Changes in mRNA and Protein Levels - 
2D- PAGE analysis, in combination with Coomassie Brilliant 
Blue and/or silver staining, was carried out on ail lour tumors 
using fresh biopsy material. 40 well resolved abundant known 
proteins migrating in areas away from the edges ol the pH 
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Fig. 4. Correlation between protein levels as judged by 20- 
PAGE and transcript ratio. For comparison proteins were divided in 
three groups, unaltered in level or up- or down-regulated horizontal 
axis). The mRNA ratio, as determined by oligonucleotide arrays was 
plotted (or each gene {vertical axis). A, mRNAs that were scored as 
present in both tumors used for the ratio calculation; A. mRNAs that 
were scored as absent in the invasive tumors (along horizontal axis) or 
as absent in non-invasive reference {top of figure), two different 
scafings were used to exclude scaling as a confounder, TCCs 827 
and 532 (AA) were scaled with background suppression, and TCCs 
733 and 335 (#Q were scaled without suppression. Both compari- 
sons showed highly significant (p < 0.005) differences in mRNA ratios 
between the groups. Proteins shown were as follows: Groups (from 
/eft), phosphoglucomutase 1, glutathione transferase class fx number 
4, fatty acid-binding protein homologue,. cytokeratin 15, and cyto- 
keratin 13; B (from /eft), fatty acid-binding protein homologue, 28-kDa 
heat shock protein, cytokeratin 1 3, and calcyclin; C (from left), a-eno- 
lase, hnRNP B1, 28-kDa heat shock protein, 14-3-3-e, and 
pre-mRNA splicing factor; D, mesothelial keratin K7 (type II); £ (from 
fop), glutathione S-transferase-n and mesothelial keratin K7.(type II); 
F (from top arid left), adenytyl cyclase- associated protein, E-cadherin. 
keratin 19, calgizzarin, phosphoglycerate mutase, annexin IV, cy- 
toskeletal ractih, hnRNP A1, integral membrane protein calnexin 
(IP90), hnRNP H, brain- type clathrin light chain-a. hnRNP F, 70-kDa 
heat shock protein, heterogeneous nuclear ribonucleoprolein A/B, 
translationatry controlled tumor protein, liver gryceraldehyde-3-phos- 
phate dehydrogenase, keratin 8, aldehyde reductase, and Na,K- 
ATPase B-1 subunit; G, (from fop and te/f). TCP20, calgizzarin, 70- 
kDa heat shock protein, calnexin. hnRNP H, cytokeratin 15, ATP 
synthase, keratin 19, triosephospnate isomerase, hnRNP F, liver glyc- 
eraldehyde-3-phosphatase dehydrogenase, glutathione S-transler- 
ase-TT. and keratin 8; H (from left), plasma gelsolin. autoantigen cal- 
reticulin, thioredoxin, and NAD +t dependent 15hydroxyprostaglandin 
dehydrogenase; / (from fop), prolyl 4-hydroxylase p-subunit, cyto- 
keratin 20, cytokeratin. 17, prohibition, and froctose 1,6-biphos- 
phalase; J annexin II; K, annexin IV; L (from fop and /eft), 90-kDa heat 
shock protein, prolyl 4-hydroxylase 8-subunit, o-enotase, GRP 78, 
cyctophilin, and cofilin. 

gradient, and having a known chromosomal location, were 
selected for analysis in the TCC pair 827/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Fig. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except for a group of cyto- 
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• Fks. 5. Comparison of protein and transcript levels in invasive 
and non-invasive TCCs. The upper part ol the figure shows a 2D gel 
(/eft) and the oligonucleotide array fight) ol TCC 532. The red rectan- 
gles on the upper gel highlight the areas thai are compared below. 
Identical areas of 2D gets of TCCs 532 and 827 are shown below.' 
Clearly, cytokeratins 13 and 15 are strongly down- regulated in TCC 
827. (red annotation). The tile on the array containing probes for 
cytokeratin 15 is enlarged below the array [red arrow) from TCC 532 
and is compared with TCC 827. The upper row of squares in each tile 
corresponds lo perfect match probes; the tower row corresponds lo 
mismatch probes containing a mutation (used for correction for un- 
specific binding). Absence of signal is depicted as* black, and the 
higher the signal the lighter the color. A high transcript level was 
detected in TCC, 532 (6151 units) whereas a much lower level was 
detected in TCC 827 (absence ol signals). For cytokeratin 13, a high 
transcript level was also present in TCC 532 (15659 units), and a 
much lower level was present in TCC 827 (623 units). The 2D gels at 
the bottom of the figure (/eft) show levels of PA-FABP and adipocyte- 
FABP in TCCs 335 and 733 (invasive), respectively. Both proteins are 
down- regulated in the invasive tumor. To the right we show the array 
tiles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 units) whereas very low levels 
were detected in TCC 733 (166 units). IEF. isoelectric focusing. 



keratins encoded by genes on chromosome 17 (Rg. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genes had a know chromosomal 
location were detected in TCCs 733 and 335, and of these 19 
correlated (p < 0.005) with the mRNA changes delected using 
the arrays (Fig. 4). For example, PA-FABP was highly ex- 
pressed in the non-invasive TCC 335 but lost in the invasive 
counterpart (TCC 733;. see Rg. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

1 1 chromosomal regions where CGH showed aberrations 
that corresponded to the changes in transcript levels also 
showed corresponding changes in the protein level (Table II). 
These regions included genes that encode proteins that are 
found to be frequently altered in bladder cancer, namely 
cytokeratins 17 and 20, annexins II and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1. Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromospmal area in invasive bladder 
cancers. 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
lost some chromosomal parts and gained others. The present 
study provides some evidence, as to the effect of these gains 
and losses on gene, expression in two pairs of non-invasive 
and invasive TCCs using high throughput expression arrays 
and proteomics, in combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, which in some cases was 
superimposed by a DNA copy number effect. In most cases, 
genes located in chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses most 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fold change, 
thus being at the border of detection. In several cases, how- 



Table II 



Proteins whose expression level correlates with both mRNA and gene dose changes 


Protein 


Chromosomal location 


Tumor TCC 


CGH alteration 


Transcript alteration* 


Protein alteration 


Annexin II 


1q21 


733 


Gain 


Abs to Pres* 


, Increase 


Annexrn IV 


2p13 


733 


Gain 


3.9- Fold up 


Increase 


Cytokeratin 17 


17ql2-q21 


827 


Gain 


3.8-Fold up 


Increase 


Cytokeratin 20 


I7q21.1 


827 


Gain 


5.6- Fold up 


Increase 


(PA-)FABP 


8q2l.2 


827 


Loss 


10-Fold down 


Decrease 


FBP1 


9q22 


827 


Gain 


2.3- Fold up 


Increase 


Plasma gelsolin 


9q3t 


827 


Gain 


Abs lo Pres 


Increase 


Heat shock protein 28 


15q12-qt3 


827 


Loss 


2.5- Fold up 


Decrease 


Prohibilin 


17q21 


827/733 


Gain 


3.7-/2.5-Fold up b 


Increase 


Prolyl-4-hydroxyl 


I7q25 


827/733 


Gain 


5.7-/1.6 : FoId up 


Increase 


. hnRNPBI. 


7p15 


827 


Loss 


2.5- Fold down 


Decrease 



" Abs. absent; Pres, present. 

" In cases where the corresponding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 
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ever, an increase or decrease in DNA copy number was 
associated with de novo occurrence or complete loss of tran- 
script, respectively. Some of these. transcripts could not be 
detected in the non-invasive tumor but were present at rela- 
tively high levels in areas with DNA amplifications in the inva- 
sive tumors (e..g. in TCC 733 transcript from cellular ligand of 
annexin II gene (chromosome 1q21) from absent to 2670 
arbitrary units; in TCC 827 transcript from small proline-rich 
protein 1 gene (chromosome 1q12-q21.1) from absent to 
1326 arbitrary units). It may be anticipated from these data 
that significant clustering of genes with an increased expres- 
sion to a certain chromosomal area indicates an increased 
likelihood of gain of chromosomal material in this area. 

Considering the many possible regulatory mechanisms act- 
ing at the level of transcription, it seems striking that the gene 
dose effects were so clearly detectable in gained areas. One 
hypothetical explanation may lie in the loss of controlled 
methylation in tumor cells (17-19): Thus, it may be possible 
that in chromosomes with increased DNA copy numbers two 
or more alleles could be.demethytated simultaneously leading 
to a higher transcription level, whereas in chromosomes with 
losses the remaining allele could be partly methylated, turning 
. off the process (20, 21). A recent report has documented a 
ploidy regulation of gene expression in yeast, but in this case all 
the genes were present in the same ratio (22), a situation that is 
not analogous to that of cancer cells, which show marked 
chromosomal aberrations, as well as gene dosage effects. 

Several CGH studies of bladder cancer have shown that 
some chromosomal aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these include 9p-; 9q~, 1q+, Y- 
(2, 6), and in pT1 tumors, 2q-,11p-, 11q~, 1q+. 5p+, 8q+, 
17q+, and 20q+ (2-4, 6, 7). The pTa tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q- and Y-, respectively. Likewise, the two minimal invasive 
pT1 tumors showed aberrations that are commonly seen at 
that stage, and TCC 827 had a remarkable resemblance to the 
commonly seen pattern of losses and gains, such as 1 q22-24 
amplification {seen in both tumors), 11q14-q22 loss, the latter 
often linked to 17 q+ (both tumors), and 1q+ and 9p-, often 
linked to 20q+ and 11 q13+ (both tumors) (7-9). These ob- 
servations indicate that the pairs of tumors used in this study 
exhibit chromosomal changes observed in many tumors, and 
therefore the findings could be of* general importance for 
bladder cancer. 

Considering that the mapping resolution of CGH is of about 
20 megabases it is only possible to get a crude picture of 
chromosomal instability using this technique. Occasionally, 
we observed reduced transcript levels close to or inside re- 
gions with increased copy numbers. Analysis of these regions 
by positioning heterozygous microsatellites as close as pos- 
sible to the locus showing reduced gene expression revealed 
loss of heterozygosity in several cases. It seems likely that 
multiple and different events occur along each chromosomal 



arm and that the use of cDNA microarrays for analysis of DNA 
copy number changes will reach a resolution that can resolve 
these changes, as has recently been proposed (2). The outlier 
data were not more frequent at the boundaries of the CGH 
aberrations. At present we do not know the mechanism be- 
hind chromosomal aneuploidy and cannot predict whether- 
chromosomal gains will be transcribed to a larger extent than 
the two native alleles. A mechanism as genetic imprinting has 
an impact on the expression level in normal cells and is often 
reduced in tumors. However, the relation between imprinting 
and gain of chromosomal material is not known. 

We regard it as a strength of this investigation that we were 
able to compare invasive tumors to benign tumors rather than 
to normal urothelium, as the tumors studied were biologically 
very close and probably may represent successive steps in 
the progression of bladder cancer. Despite the limited amount 
of fresh tissue available it was possible to apply three different 
state of the art methods. The observed correlation between 
DNA copy number and mRNA expression is remarkable when 
one considers that different pieces of the tumor biopsies were 
used for the different sets of experiments. This indicate that 
bladder tumors are relatively homogenous, a notion recently 
supported by CGH and LOH data that showed a remarkable 
similarity even between tumors and distant metastasis (10, 23). 

In the few cases analyzed, mRNA and protein levels 
showed a striking correspondence although in some cases 
we found discrepancies that may be attributed to translational 
regulation, post-translational processing, protein degrada- 
tion, or a combination of these. Some transcripts belong to 
undertrarislated mRNA pools, which are associated with few 
translationally inactive ribosomes; these pools, however, 
seem to be rare (24). Protein degradation, for example, may 
be very important in the case of polypeptides with a short 
half-life (e.g. signaling proteins). A poor correlation between 
mRNA and protein levels was found in liver cells as deter- 
mined by arrays and 2D-PAGE (25), and a moderate correla- 
tion was recently reported by Ideker ef a/. (26) in yeast. 

Interestingly, our study revealed a much better correlation 
between gained chromosomal areas and increased mRNA 
levels than between loss of . chromosomal areas and reduced 
mRNA levels. In general, the level of CGH change determined 
the ability to detect a change in transcript. One possible 
explanation could be that by losing one allele the change in 
mRNA level is not so dramatic as compared with gain of 
material, which can be rather unlimited and may lead to a 
severalfold increase in gene copy numbef resulting in a much 
higher impact on transcript level. The latter would be much 
easier to detect on the expression arrays as the cut-ofl point 
was placed at a 2-fold level so as not to be biased by noise on 
the array. Construction of arrays with a better signal to noise 
ratio may in the future allow detection of lesser than 2-fold 
alterations in transcript levels, a feature that may facilitate the 
analysis of the effect of loss of chromosomal areas on tran- 
script levels. 
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In eleven cases we found a significant correlation between 
DNA copy number, mRNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
. quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and will have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated is the large 
extent of protein modification that occurs after translation, 
requiring immunoidentification and/or mass spectrometry to 
correctly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (26). Here, we used a tradi- 
tional chromosomal CGH method, but in the future high reso- 
lution CGH based on microarrays with many thousand radiation 
hybrid-mapped genes will increase the resolution and informa- 
tion derived from these types of experiments (2). Combined with 
expression arrays analyzing transcripts derived.from genes with 
known locations, and 2D gel analysis, to obtain information at 
the post-translational level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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Expression of bcr-abl niRNA in individual chronic myelogenous leukaemia 
cells as determined by in situ amplification 

Pachmanu K , Zhao S, SchenkT . Kancariiati H , El-Naggar AK1 Siciliano MJ . Guo 
J£>, Arlinghaus RB T Andreeff M . 

The University of Texas M.D. Anderson Cancer Center, Department of Molecular: 
Hematology and Therapy, 1515 Holcombe Boulevard, Houston, TX 77030, USA. 

We present the results of a novel method developed for evaluation of in situ 
amplification, a molecular genetic method at the cellular level. Reverse transcription 
polymerase chain reaction (RT-PCR) was used to study bcr-abl transcript levels in 
individual cells from patients with chronic myelogenous leukaemia (CML). After 
hybridizing a fluorochrome-labelled probe to the cell-bound RT-PCR product, bcr-abl 
raRNA-positive cells were determined using image analysis. A dilution series of bcr-abl- 
positive BV173 into normal cells showed a good correlation between expected and actual 
values, hi 25 CML samples, the percentage of in situ PCR-positive cells showed an 
excellent correlation with cytogenetic results (r = 0.94, P < 0:000 1), interphase 
fluorescence in situ hybridization (FISH) (r = 0.95, P = 0.001) and hypermetaphase FISH 
(r-,0.81, P < 0.001). The fluorescence intensity was higher in residual CML cells after 
interferon (IFN) treatment than in newly diagnosed patients (P = 0.004), and was highest, 
in late-stage CML resistant to IFN therapy and lowest in CML blast crisis (P = 0.001). 
Mean fluorescence values correlated with bcr-abl protein levels, as determined by 
Western blot analysis (r = 0.62). Laser scanning cytometry allowing automated. analysis 
of large numbers of cells confirmed the results. Thus, fluorescence in situ PCR provides a 
novel and quantitative approach for monitoring tumour load and bcr-abl transcript levels 
in CML. 1 



PMDD; 1 1260080 [PubMed - indexed for MEDLINE] 



429:AmJRespirCeHMolBiol..l9940ct;HC4):386-96. Related Articles. Links 

Cell localization and regulation of expression of cytochrome P450 1A1 and 
2Bl m rat lung after induction with 3-methylchoIanthrene using mRNA 
hybridization and immunohistochemistry. 

INSERM Unite 139, Hopital Henri Mondor, Creteil, France. 

In order to characterize the response of various pulmonary cell types to polycvclic 
aromatic hydrocarbons the expression of cytochrome v7so (CYP?^ and 2B mRNA 
m the lung of rats, w.th or without induction by 3-methylchoianthrene (3MCj was 

SS? Y ST i0 " USing aPPr0priate 35S " labeIed riboprSr 

gpress«on of the corresponding proteins was investigated immunohistochemically 

FoHowmgmduction WI th 3MG, the kinetics of mRNA expression differed Semblv 
CIara ^ 6 11 P™™cytes and venous endothelial cel£ h CkSfeHs 
mRNA express™ was detected as early as 1 h after induction, peaked berwlnlandTh 
and was completely undetectable at 14 h. In contrast, venOus^dothelial cXandZ* H 
pneurnocyte, exhibited permanent mRNA expression of CYP 1 AI in 3MC^t^ 
ra^ These fanehc results explain the striking absence of correlation berweiSA and 

fhl ^P re f S '°rj bSerVed in Clara Cd,s 24 h aft <* ^ ^ of the induction p^ocol^s 
fl^e cells exh.brted mtense protein expression with no mRNA. In contrast, a good 
correlation was observed for mRNA and protein expression of CYP 2B1 wiSlar 
TClh^TlT^h^ j 31 ^ . Ce '!? *yP e II pneumocytes, but no expression in ©rtdotfie^al^ 
cells. Th.s study clearly d,stmguished the regulation of CYP 1 Al expression in the rat 
hing from that described in the liver. The differences observed in JvSs Lg 
^ whatever the post-transcriptional mechanisms involved, emphasize thaSdS 
must be performed at the cellular level in order tp understand the specific response to 
xenob.ot.es, not only of this organ as a whole but also of its various anatomtc SSL. 

PMID: 7917307 (PubMed - indexed for MEDLINE] 
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Correlative mimuiiohistocheiuical and reverse transcriptase polymerase 
chain reaction analysis of somatostatin receptor type 2 in neuroendocrine 
tumors of the Inng. 

Papotti M , CroceS, Macri L , Fnnaro A , Pecchioni C , Schindlcr ML Dussolati G . 

Department of Biomedical Sciences and Oncology, University of Turin, Italy. 

Somatostatin receptors type 2 (sst2) have been frequently detected in neuroendocrine 
tumors and bind somatostatin analogues, such as octreotide, with high affinity. Receptor 
autoradiography, specific mRNA detection and, more recently, antisst2 polyclonal 
antibodies are currently, employed to reveal sst2. The aim of the present study was to 
investigate by three different techniques the presence of sst2 in a series of 26 
neuroendocrine tumors of the lung in which fresh frozen tissue and paraffin sections were 
available. It was possible, therefore, to compare, in individual cases, RNA analysis 
studied by reverse transcriptase polymerase chain reaction (RT-PCR), in situ 
hybridization (rSH), and immunohistochemistry. A series of 20 nonneuro endocrine lung 
carcinoma samples served as controls. RT-PCR was positive for sst2 in 22 of 26 samples, 
including 15 of 15 typical carcinoids, 5 of 6 atypical carcinoids, and 2 of 5 small-cell 
carcinomas. The sst2 mRNA signal obtained by RT-PCR was strong in the majority 
(87%) of typical carcinoids and of variable intensity in atypical carcinoids and small-cell 
carcinomas. A weakly positive signal was observed in 5 of 20 control samples. In 
immunohistochemistry, two different antibodies (ariti-sst2) were employed, including a 
monoclonal antibody, generated in die Department of Pathology, University of Turin. In 
the majority of samples a good correlation between sst2 mRNA (as detected by RT-PCR) 
and sst2 protein expression (as detected by immunohistochemistry) was observed. 
However, one atypical carcinoid and one small-cell carcinoma had focal immunostaining 
but no RT-PCR signal. ISH performed in selected samples paralleled the results obtained 
with the other techniques. A low sst2 expression was associated with high grade 
neuroendocrine tumors and with aggressive behavior. It is concluded that 1) 
neuroendocrine rumors of the lung express sst2, and there is a correlation between the 
mRNA amount and the degree of differentiation; 2) immunohistochemistry and ISH are 
reliable tools to demonstrate sst2 in these tumors; and 3) sst2 identification in tissue 
sections may provide information on the diagnostic or therapeutic usefulness of 
somatostatin analogues in individual patients with neuroendocrine tumors. 
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Correlative Immunohistochemical and Reverse 
Transcriptase Polymerase Chain Reaction Analysis of 
Somatostatin Receptor Type 2 in Neuroendocrine 
Tumors of the Lung 



Aola Funaro, Pd.d:, Carla Pecchioni, Marcus Schindler, and 
Gianni Bnssolati, md., F.R.c.Patb. 



Somatostatin receptors type 2 (ssi2) have been frequently de- 
tected in neuroendocrine tumors and bind somatostatin ana- 
logues, such as octreotide, with high affinity. Receptor autora- 
diography, specific mRNA detection and. more recently, anri- 
' sst2 polyclonal antibodies are currently, employed to reveal 
: sst2rThe aim of the present study was to investigate by three 
: different techniques the presence of sst2 in a series of 26 neu- 
roendocrine minors of the lung in which fresh frozen tissue and 
paraffin sections were available. It was possible, therefore, to 
compare, in individual cases. RNA analysis studied by reverse 
' transcriptase polymerase chain reaction (KT-PCR), in situ hy- 
bridization (ISH), and rrrununohistochernistry. A scries of 20 
Donneurbendocrine lung carcinoma samples served as controls. 
RT-PCR was positive for sst2 in 22 of 26 samples, including 15 
of. 15 typical carcinoids* 5 of 6 arypical carcinoids, and 2 of 5 
small-cell carcinomas. The sst2.mRNA signal obtained by RT- 
PCR was strong in the majority (87%) of typical carcinoids and 
of variable intensity in atypical carcinoids and sroall-ceU car- 
cinomas. A weakly positive signal was observed in 5 of 20 
control samples. Jn irorounohistochemistry, two differ ent anti- 
bodies (anli-sst2) were employed, including a monoclonal an- 
tibody, generated in the Department of Pathology, Univeisity 
of Turing In the majority of samples a good conelation between 
sst2 mRNA (as detected by RT-PCR) and sst2 protein expres-. 
sion (as detected by immunohisiochernisDy) was observed. 
However, one atypical carcinoid and one smaJJ-cell carcinoma 
had focal unmunostairiing but no RT-PCR signal. ISH per- 
formed in selected samples paralleled the results obtained with 
the other techniques. A low sst2 expression was associated with 
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high grade neuroendocrine tumors and with aggressive behav- 
ior. It is concluded that }) neuroendocrine rumors of the lung 
express ssi2, and there is a correlation between the mRNA 
amount and the degree of differentiation; 2) irnrnunohistochein- 
istry and JSH are reliable tools to demonstrate sst2 in these 
rumors; and 3) sst2 identification in tissue sections may provide 
information on the diagnostic or therapeutic usefulness of so- 
matostatin analogues in individual patients with neuroendO; 
crine rumors. 

Key Words: Neuroendocrine— Lung— Tumors— Somato- 
statin receptors— Immunohistochemistry^-Smal) cell carcj- 
Donia — Reverse transcriptase polymerase chain reaction. 

Diagn Mot Pathol 9(1): 47-57, 2000. 



The somatostatin receptor family (sst) includes at least 
five isoforms that have been recently identified and char- 
acterized (18,32,4]). The ssts are widely distributed in 
normal human tissues and in human tumors. Sst type 2 is 
more commonly detected in neuroendocrine tumors 
(32,37) and binds the somatostatin analogue octreotide 
wit}} high affinity. 

Sst localization had originally been demonstrated by 
means of binding assays of radiolabeled somatostatin 
analogues (20,25,31). Subsequently, specific sst messen- 
ger RJ^A (mRNA) detection was obtained by means of in 
siru hybridization (ISH) and reverse transcriptase poly- 
merase chain reaction (RT-PCR) (14,32,37). Recently; 
polyclonal antibodies specific for different isoforms of 
sst were produced and used in iinrnunohisiochetnisu^ 
(10,12,15,1830,35,36). Given the well-known heteroge- 
neity of neoplastic populations, in situ methods (innnu- 
nohisiochemistry and ISH) allow a more definite map- 
ping of the distribution of the recepto; rn such tissues. 
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This is potentially useful for piedicting the responsive- 
ness of a given neoplastic cell population to medical 
treatment with somatostatin analogues, which are used in 
the clinical setting for both diagnostic and therapeutic pur- 
poses with special reference to neuroendocrine tumors. 

The spectrum of neuroendocrine rumors of the lung 
includes well-differentiated neoplasms (so-called typical 
. carcinoids) and poorly differentiated small- cell carcino- 
mas (SCCs). Intermediate forms sharing features of both 
the aforementioned types also belong to this spectrum 
. (so-called atypical carcinoids or well-differentiated neu- 
roendocrine carcinomas). Finally, large-cell neuroendo- 
— cjirje-carGinoma-has-beerj4dentif)ed and inGluded-iB-this- 
rumor group (4,40). The tissue distribution of sst2 in 
neuroendocrine tumors of the lung has not been thor- 
oughly characterized, although individual samples of 
: bronchial carcinoids were found to express sst (30)J 
SCCs (but riot non- small-cell types) were also shown to 
be sst2 positive by receptor binding assay (33). .More- 
over, sst2 has been detected in in vitro cell cultures of 
. human SSC of the lung (39,42). No study on a series of 
neuroendocrine tumors of the lung including all neuro- 
endocrine h)Dg tumor types has been reported to date. 

The aim of this study was therefore to investigate the 
presence of ss t2 mKNA and protein in a series of 26 
neuroendocrine tumors of the lung, employing different 
technical approaches, such as RT-PCR, JSH, and imrjou- 
nohistochemisrry. To this purpose a monoclonal anti- 
body to sst2 (N-terminal) was generated in the Depart- 
ment of Pathology, University of Turin. The results were 
then compared and related to the rumor grade and to 
other clinicopathologic parameters . 

MATERIALS AM) METHODS 

Case Series and RNA Extraction 

Twenty-six samples of neuroendocrine tumors of the 
lung, in which fresh frozen tissue was available, were 
jetrieved from the surgical pathology file of the Univer- 
sity of Turin, ]taly. All samples were reviewed applying 
currently accepted criteria of classification (4,40), and 
the neuroendocrine nature was confirmed by positive in> 
munostaining for chromo?ranin A (CgA) (with or with- 
out antigen retrieval) or synapiophysin, and by positive 
RT-PCR for CgA mRNA. According 10 the classi- 
fications described heje, these included 15 well- 
differentiated neuroendocrine tumors (typical carci- 
noids), 6 well-differentiated neuroendocrine carcinomas 
(atypical carcinoids), and 5 SCCs. 

A stnes of 20 non-small-cell lung carcinomas (10 
squamous, 9 adenocarcinomas, and 1 large- ce]J anaplas- 
tic) J aclting neuroendocrine differentiation, as demonstrated 
by negative immunohisiochentistry and RT-PCR for Q?A 
(1), served as a connol group. Clinicopathologic data and 
follow-up infonnatioD weie obtained foi all paiiems. 



For hybridization analysis, total RNA was extracted 
using the guanidine thiocyanate-cesiura chloride method 
(5). The concentration of RNA was estimated by spec- 
. trophotometry, and RNA degradation was assessed by 
agarose gel electrophoresis, as previously reported {37). 

Reverse Transcriptase Polymerase Chain Reaction 
for sst2 and Chroroogranin A 

Total RNA (2 u,g) was first digested, with 10 units of 
RNase-free DNase (Boehringer, Mannheim, Germany) 
in a 10-uX solution containing 20 mmol/L MgCl 2 » 10 
. avoid DNA contamination. The solution was kept at 
room temperature forTO ininutesrtben heated for 5 min- 
utes at 70 D C to inactivate the DNase molecules; 40 
pmol/L of oligodeoxy thymidine primers (oligo-dT16) 
were added and the solution was heated again at 70°C for 
10 minutes, then chilled on ice to allow the primer hy- 
bridization The resulting solution was reverse tran- 
scribed using 100 units of reverse transcriptase (Gibco 
BRL, Gaitersburg, MD). Complementary DNA (cDNA) 
was generated in a 50- pX final reaction volume contain- 
ing 50 mmol/L Tris-HCl pH 8.3, 75 mrool/L KQ 3 
mrool/L MgCl 2 , 10 mmol/L dithiothreitol, 1 rrimol/L de- 
oxynucleotide triphosphates (dNTPs), and 20 units of 
RNasin (Proroega, Madison, WJ). The solution was 
heated at 37°C for 90 minutes. Finally, the enzymes were 
inactivated by heating to 70°C for 10 minutes. 

The efficiency of the reverse transcription was deter- 
mined by performing a PCR reaction having the p 2 ~ 
microglobulin "housekeeping gene" as a target. PCR was 
carried out in a 30-ixL final reaction volume containing 
3 pL of cDNA template, 10 pmol of sense and antisense 
oligonucleotide primers, 67 mmol/L Tris-HCl pH 8.8, 16 
mmol/L (NH 4 )2S0 4 , 0.01% polysorbate 20, 2 mmol/L 
dNTPs, 1 mmol/L MgCl 2 , and 0.5 units of Taq polymer^ 
ase. ^-Microglobulin, sst2, and CgA PCR reactions were 
performed using the same protocol at the following PCR 
conditions: 35 cycles r each cycle consisting of denaturaiion 
at 94 °C for 2 minutes, annealing at 55°C for 1 minute for 
(^-microglobulin, at 6 PC for sst2, and at 68°C for CgA; 
extension was performed at 72°Cfor 3 minute. The primers 
used for RT-PCR (9,1 1 ,23,37) are reported in Table 1 . 

The amplified fragments were run in a 1% agarose gel, 
containing .ethidium bromide. Strict precautions against 
contamination were undertaken (19) and negative con- 
trols -(a no- template control and a no^revcrse transcriptase 
control and distilled water to replace the RNA) -were in- 
cluded. The RNA extractedTrom an H716 r»ciii*oendocrine 
colon carcinoma cell line, and from a neuroblastoma (37) 
served as positive controls for CgA and sst2, respectivcly- 

Anribodies 

Two different antibodies specific for sst2 were em- 
ployed. The first one was a monoclonal antibody raised 
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Size ol PCR 
product (bp) 



Position 



Study 



^-m*.oglobulm sense: 5' ACC CCC ACT «*A«8H 0* ■ 3 
1 g-mtaoltobuBn anlisense: 5' ATC TTC AAA CCT CCA TGA TG 3 
3 SSTR2 Snse: 5' CAG TCA TGA GCA TCG ACC GA 3' 
2 IiTR2 arafeense: 5' GCA AAG AWMT MTGCT GA 3- 
« CoA sense- 5' GCT CCA AGA CCT CGC TCT CC 3' 
g §A anSense: y 6AC CGA CTC TCG CCT TTC CG 3" 

• ■ PCR, 1 polymerase chain reaction. 



in thc Department of Pathology (University of Turin) 
^prnfic for an N-teraun a] scqoenceof ^e_sst2Jshared- 



by both A and B receptor isoforois). The octapeptide 
EPyYDLTS, corresponding to ainino acids 35 to 42 of 
the human receptor (and differing by one amino acid 
• from ihe mouse sequence), was synthesized, having a 
Ty«dD added to the N-terrriina). This sequence was similar 
4otbal used by other groups to produce polyclonal anti- 
. bodies (17,18,27). This sequence was rather short but 
■ made it possible to avoid extensive homology with sstl. 

- In addition, according to a genbank search using FASTA 
(28), this protein sequence is unique to human sst2 and 

'has a partial homology only with rat and human nuclear 
receptor retinoid orphan nuclear- receptor-beta (a piotein 

' having nuclear localization). Three Balb/c mice were im- 
Tjouniz^d with the peptide conjugated to keyhole limpets 
hemocyanin (KLH) (Sigma, St. Louis, MO) following 

" the standard procedure. After the first intrasplenic injec- 
tion (1 00 p-g of protein) at time 0, the mice were intra- 
peritoneally injected six times with the pepride-KLH 
conjugate (150 u.g) in the presence of Freund adjuvant 
The reactivity of the sera from each animal was evalu- 
ated using an enzyme-Jinked immunosorbent assay, us- 
ing tbe peptide coated onto the plastic. The bybridomas 
were produced by somatic fusion of immunized spleno- 
cytes with the mouse myeloma cell line Ag8.X 63.653, 

JqUowing the standard .technique (21). Tbe monoclonal 

- antibodies of interest were selected on tbe basis of the 
reactivity with the target peptide and with appropriate 
tissue sections: Tbe latter included formalin-fixed and 
paraffin-embedded sections of pituitary, gland and pan- 
creatic islets and weje analyzed by means of immuno- 
peroxidase staining. Parallel control experiments were 
also performed by staining serial sections of these tis- 
sues, cmitiing (be primary antibody oi with the preim- 
raune serum or with ibe aniibody pjeadsorbed with high 
concentrations (1 ro°AnL) of the antigenic peptide. In 
addition, the selected monoclonal antibodies (coded 
10C6and lOG4), boib of ]gM isorype, weie runner char- 
acterized by Western blotting. Membranes were piepared 
horn stable uansfected Chinese hamster ovary (CHO> 
K] cells, individually expressing recombinant human so- 
matostatin lecepiors (sstl to sst5). Western blotting was 
performed as previously described (36). fhe monoclonal 
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402-421 
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316-335 
878-897 



Gussow et al. (9) 
SestinJ et a!. (37) 
Melman et al. (11) 



antibody was used as culture supernatant at 1:3 dilution 
_for ?, hours at room jemperature,.in Tris-buirered saline 
(TBS), supplemented with 6.1% polysorbate 20". Blots 
were washed in TTBS and incubated with peroxidase- 
conjugated goat antimouse IgM, diluted 1:1 J500 for 90 
minutes at room temperature. Then, blots were washed in 
TTBS and iininunocomplexes were visualized using 
EOL following manufacturer's instructions (Amersbam, 
Bucks, UK). 

A second polyclonal antibody was produced that bad 
been characterized previously (35,36). This antibody 
(coded K230) was raised in sbeep and was specific for a 
sequence of the C-terminal portion of the sst2A (KSRL- 
NET7HTQRT1XNEDLQ, amino acids 347 to 366). 

. IrjDJMunobistochemistry 

Sections 4 or 5 [i thick, adjacent to those used for 
conventional histopathologic examination and imnrono- 
staining for neuroendocrine markers, were coDected onto 
poly-L-lysine-coated slides: Tbe proliferative activity of 
the tumors was assessed by means of K367 imrnunosta- 
nining (clone JvflBl, knmunotecb, Marseille, France), 
diluted 1:10 after microwave -based antigen retrieva] in 
citrate buffer). The ascitic fluid of monoclonal antibody 
10G4 was used in this study and was applied to tissue 
sections with prior antigen retrieval (three 3- minute pas- 
sages in a microwave oven at 800 W in citrate buffer pH 
6.0), at the dilution of 1:10,000 or 1:12,000 for 30 min- 
utes at room temperature, tbe antiserum coded K230- 
was applied overnight at a dilution of 1:300 with do prior 
antigen retrieval. The immune reactions were then re- 
vealed with the immunoper oxidase technique (13) using 
tbe streptavidin-peroxidase kit and diaminobenzidine as 
' chroroogen. A weak nuclear counteistain or no counter- 
stain was used in parallel sections. Control stablings for 
both antibodies included immunopei oxidase of serial 
sectiODS using pre immune serum or antibody pre ad- 
sorbed with the antigen or buffer instead of tbe primary 
antibody. 

hi Siiu Hybridization 

Selected tumors (12 samples) were aiso analyzed for 
sst2 inRNA expression by means" of a nonradioactive, 
ryramide deposition-based JSHjcchniquc. The proce; 
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dure of amplification was modified from procedures re- 
ported by Kerstens et ah (16), Spee) el al. (38), and the 
GenPoint (biotinyMynamide) marjufacturer (Dako, Glos- 
trup, Denmark). Briefly, 5~|xm-thick paraffin sections 
were collected onto silane-coated slides and deparaf- 
fimzed through xylene and graded alcohols to phosphate 
buffer saline (PBS) r The slides were then incubated for 5 
minutes in a microwave oven ai 800 W in citrate buffer 
pH 6.0. After washing in PBS, they were digested with 
proteinase K-(] p-g/mL) for 10 minutes al 23 °C. Endog- 
enous peroxidase activity was blocked with 3% hydro- 
gen peroxide and endogenous biorih was blocked using 
— a^dOT- blockin g j eag entrfOT~~I5 minutes-joBow cd by 
washing in PBS and biotin-blocking reagent for 15 min- 
utes (3). Sections were then prebybridized for 1 hour at 
room temperature in a mixrure composed of 4x SSC, 
50% forrnamide, DenharoYs lx, dextrane sulfate 5x,.5O0 
P-g/mL salmon sperm DNA, and 250 pg/mL tRNA. Hy- 
bridization took place overnight at 42°C in a solution 
containing the specific probe at a concentration of 1 
pmol/ml- The probe was a digoxigenin-labeled 4 8- base 
oligonucleotide (32), complementary to positions 93 to 
J 39 of the human sst2 gene (41). After hybridization,, 
excess hybridization buffer and coverslips were removed 
. by a rapid wash in 4x SSC followed by stringent washing 
in O.lx SSC for 10 minutes at 42°C. The hybrids were 
revealed by the following incubation steps: peroxidase- 
labeled antidigoxigenin (diluted 1:100 in PBS) for 30 
minutes at room temperature, biotinylaied tyramide (di- 
luted 1:5 in PBS) for 15 minutes at room temperature, 
and peroxidase-labeled streptavidin for 15 minutes at 
room temperature. Diaminobenzidine was used as enjo- 
in ogen. Controls for 1SH included staining of serial sec- 
tions with sense probe, an unrelated probe (EBER-1 of 
the Epstein-Barr virus), and omission of the probe in the 
hybridization mixture, with all other experimental con- 
ditions identical to the procedure described here. 



RESULTS 

Keverse Transcriptase Porymerase Chain Reaction 

AH neuroendocrine rumors, but no nonneuroendocrine 
lung carcinomas, were positive for CgA mRNA (fig. 1). 
Sst2 rnRNA was amplified in 22 of 26 samples of neu- 
roendocrine rumor. The signals had variable intensities 
(fig. 2) and were weak in moderately or poorly differ- 
entiated tumors (mostly in SCCs). No amplification was 
obtained in no-template or no-reverse transcriptase ex- 
periments. Control samples (nonneuroendocrine lung 
carcinomas proven by negative CgA RT-PCR) were 
weakly positive for sst2 in 5 of 20 samples only (includ- 
ing 3 adenocarcinomas, 1 squamous, and the large-cell 
anaplastic carcinoma) (Fig. 3). These, differences were 
statistically significant (P < 0.01 ) by X 2 test 

Characterization of Monoclonal Antibodies to sst2. 

Several clones were identified having a positive bind- 
ing by enzyme-linked irarnunosorbent assay and a par- 
allel immun ore activity 1 on formalin- fixed paraffin- 
embedded human endocrine tissues (pituitary and pan- 
creatic islets). In Western blotting exr^riments, two 
clones (coded )0C6 and 10G4) specifically developed a 
band at approximately 70 MX When the antibodies were 
. used against CHO-transfected cells expressing recombi- 
nant somatostatin receptors 3 through 5, a specific band 
corresponding to sst2 (at approximately 70 kD) was re- 
vealed by the monoclonal antibody 30G4. Monoclonal 
antibody 10C6 developed a strong band with sst2 but 
displayed a weaker reactivity also with sstl, 3, and 5, al 
least in the present experimental conditions (Fig. 4 AJB). 
The same antibodies were also tested by means of im- 
munoperoxidase staining, on formalin- fixed, paraffin- 
embedded samples of normal human pituitary gland and 
pancreas. Monoclonal antibody 1QG4 gave good results 
in iromunohistochemistry and was used at increasing di- 
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FfG. 1. Reverse transcriptase polymerase chain reaction for chromogranih A (CGA) mRNA 
in 26 samples ot neuroendocrine tumor oi the lung. Numbers in each lane correspond to 
sample numbers in Table 2. CGA mRNA is amplified at 429 bp. C and C* stand for positive 
(neuroendocrine colon carcinoma cell line, H716) and negative (distilled water) controls, 
respectively. The lasJ column to the right represents the molecular weight marker. All samples 
are positive with a variable intensity ol the amplification band.. 
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FIG 2 Reverse transcriptase polymerase chain reaction for sst2 mRNA in 26 samples of 
neuroendocrine tumor of the rung. Numbers in each lane correspond to sample numbers rn 
Table 2 sst2 mRNA is amplified at 284 bp. C and C* stand for positive, (a neuroblastoma) 
and negative (distilled water) controls, respectively. The last column to the right represents 
the molecular weight marker. Twenty-two of 26 samples are positive with a vanable Intensity 
of the amplification band. 



JurioDS (up to I rl^OOO) with specific staining. Using thin 
sections (approximately 4 pm), a strong membrane- 
bound and peripheral cytoplasmic hnrnunoreactivity was 
found in an adenobypophyseal cell population (corre- 
sponding to growth horm one- secreting celts, as con- 
firmed by double imrnunobistochernica) analyses) and in 
pancreatic islets (Fig. 4 C.D). In the latter, the staining 
was apparently not restricted to a specific hormone- 
producing cell type and had a peripheral cytoplasmic or 
membrane distribution. Exocrine pancreatic cells (both 
acinar and ductal) were only occasionally 5mmuno : 
stained. IrnmoDohistochernisD7 perforrned on serial con- 
trol sections, either omitting the primary, antibody or us- 
ing the preimrnune serum or antibodies preabs orbed with 
the synthetic peptide, was negative in both tissues. 
.Monoclonal antibody J0C6 had a relatively higher back- 
ground siaining at similar dilutions. 



lrrununobistocbemistry 

The antibodies tosst2 (monoclonal antibody J0G4 and 
polyclonal K230) gave slightly different immunoreac- 
tions in 25 samples, and staining was not done in 1 
sample because of lack of residual paraffin blocks. The 
monoclonal antibody 10G4 stained 2J of 25 samples, the 



negative samples being 1 atypical carcinoid and 3 SCCs 
(Fig. 5). The rumors had 5% to 25% of the neoplastic 
cells immunoreacbve. The staining was at the periphery 
of the cytoplasm, and omitting the counterstain its mem- 
brane-bound distribution was better outlined in most 
samples (Fig. 6). One sample of atypical carcinoid <no. 

21) was locally immunoreactive for sst2, despite nega- 
tive RT-PCR findings. Conversely, sample no. 26 was 
imrnunohistochemistry negative and RT-PCR positive. 
The antiserum anii-sst2A (code K230) gave positive sig- 
nal in 19 of 25 samples, in 5% to 60% of the neoplastic 
cell population (Fig. 7). The location of the staining was 
at the membrane level associated with a weak cytoplas- 
mic reactivity. The same pattern. was seen in positive 
controls, e.g., pancreatic islets (Fig. 7, inset). Two 
samples (nos. 19 and 26) were negative in spite of a 
positive RT-PCR signal. Two other tumors (nos. 21 and 

22) , apparently devoid of sst2 mRNA, showed a small 
percentage of immunoreactive cells. Incidentally, one of 
these latter samples (no. 21) was also immunoreactive 
with monoclonal antibody 10G4 (Table 2). 

The five control samples positive 'by RT-PCR were 
also reactive with the antibodies. The type of immuno- 
cytochemical location of sst2 receptors was similar to 
that described here, being a peripheral cytoplasmic stain- 
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Reverse transcriptase polymerase chain reaction for sst2 rnRNA in 20 control 



samples ct nonneuroendocrinc lung carcinoma. Five of 20 samples show a weak band at 
284 bp corresponding to sst2 rnRNA. Cont rot columns (C and C) are identical to those m 
FiQ. 2. 
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FIG. 4. Western blot analysis of monoclonal antibody 
clones 10G4 and 10C6 against sst2 in Chinese hamster 
ovary cells transfected with recombinant sst 1 through 5 
(numbers of each column correspond to receptor type). 
Monoclonal antibody 10G4 shows a specific band at ap- 
proximately 70 kD for sst2 only (A) as opposed to mono- 
clonal antibody 10C6, which strongly reacts with sst2 but 
also has some degrees of cross- reactivity with sst 1, 3, 
and 5 (B). The lower figures show control formalin-fixed 
paraffin-embedded pancreatic islets immunostained with 
monoclonal antibody 10G4 without (C) and with (D) 
preadsorption with the peptide antigen, respectively. The 
majority of endocrine cells show a membrane- boupd im- 
muhoreactrvity (C) (immunoperoxidase). Bar: 90 pm. 



ing present in 40% io 70% of neoplastic celts. A weak 
and focal staining was also observed in five of the re- 
maining RT-PCR- negative samples, when the antibody 
K230 was used (but not when the monoclonal was em- 
ployed). 

Several cells in peiitumoral tissues were occasionally 
stained. Ciliated cells of bronchial mucosa had a periph- 
eral staining at the ciji3 border. .Mucous glands were 
negative. Rare chondrocytes had a membrane staining. 
The wall of peritumoraJ as well as of occasional distant 
vessels was srained at the endothelium level and in oc- 
casional smooth muscle celJs. 

. The reactivity 'of both antibodies was abolished in se- 
rial sections when the reagents were preabsoibcd with 
the respective synthetic peptides, but not when an unre- 
lated peptide was used. The peri rum oral bronchial mu- 
cosa had a focaJ staining of dilated cells with both an- 
tibodies. This i e activity disappeared when die pie ab- 
sorbed antibody was applied. 



In Situ Hybridization 

Eight of 12 samples stained by 1SH were positive for 
sst2 mRNA. The mRNA was present in a percentage of 
cells (ranging from 10% to 40%) and gave a weak signal 
(Fig. 8), despite the amplification provided by the tyra- 
mide-based procedure. The background level was mini-, 
mal using diluted biotinylated ryrajnide. Control sections 
stained with sense probe of an unrelated probe, or omit- 
ting the probe, were consistently negative. * . 



Clinical Data 



Qinicopathologic data are sunimarized in Table 2. At 
follow-up, the majority of patients with typical carci- 
noids are free from disease 1 to 1 1 years after surgery. 
Two patients are alive with stable metastatic disease. 
Patients affected by atypical carcinoids had disease pro- 
gression in one third of samples. Finally, patients with SCC 
had fatal outcomes within 1 year from diagnosis (except the 
recent sample). Eight patients bad preoperative octreotide 
scintigraphy performed at the time of diagnosis. AO patients 
had positive octreoscan findings, *and, in these patients, 
also the tumor was positive by RT-PCR and immu- 




FIG. 5. sample no. 25 (small cell carcinoma). Absence of 
immunoreactiviry for sst2 with the monoclonal 10G4. This 
sample was also negative by reverse transcriptase poly- 
merase chain reaction and in situ hybridation. (Immuno- 
peroxidase in a formalin-fixed paratfir>embedded sample. 
Nuclei slightly counterstained with hemalum.) Bar: 45 pm. 
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^histochemistry or 1SH. In addition, three of these pa- 
tients received octreotide therapy administered at the 
of tumOT recurrence or metastatic spread. Stable 
disease is recorded at follow-up more than 5 years after 
diagnosis. 

Correlations 

Overall, complete overlapping (i.e., RT-PCR, 1SH, 
: : . and rrnraunobistocheroistry with two antibodies) be- 
v ■ rVeen sst2 gene and protein expression was obtained in 
21 of 25 samples (84%) and between RT-PCR results 
_ T ^_ an doramuiLDhastoc^ 

the antibodies in 24 of 25 samples (96%). Tbe monoclo- 
nal antibody 10G4 looked highly sensitive, being able to 
" *. stain all but one sample (do. 26) (95%) positive for sst2 
: . ' mRNA by RT-PCR. Sst2 expression, at mRNA as well 
% as at protein levels, was reduced in high grade Tumors, 
with SCCs being weakly positive in only two of five 
samples. Decreasing expression of sst2 appears to cor- 




FIG. 6. sample no. 16 (lypical carcinoid). Immunohisto- 
chemical detection ol sst2 by means of monoclonal anti- 
body 10G4. The neoplastic cells have a peripheral cyto- 
plasmic staining and membrane positrvily in some .cells, 
whereas the peribronchial gland adjacent to the tumor is 
unreactrve. ( I mmunoper oxidase in a foimalin-tixed paral- 
iin- embedded sample. Nuclei slightly countetstained with 
hemalum.) Bar: 45 pra The membrane- bound distribution 
ol tbe immunostaining is better outlined in a parallel sec- 
tion stained for monoclonal antibody 10G4 omitting' 
nuclear counlerstain (inset). 




FIG. 7. Same sample as in Fig. 6. Immunohistocbemical 
deletion ol sst2 by means ol the poryclonal anybody 
K230. The immunostaining is more intense at the cell bor- 
der (arrows), as observed with the monoclonal antibody. 
In the inset, a pancreatic islet, used as positive control, 
shws a predominant membrane- bound immunostaining of 
many neuroendocrine cells. (Immunoperoxldase in a for- 
malin-fixed paraffin-embedded sample. Nuclei slightly 
counterstained with hemalum.) Bar 45 pm. 

relate with high tumor grade and elevated proliferative 
activity, but not with other parameters such sex, age, or 
tumor size. 

DISCUSSION 

In this study, the presence of sst2 mRNA has been 
demonstrated in a series of resected neuroendocrine ru- 
mors of the lung by means of RT-PCR and confirmed by 
a sensitive nonradioactive tyramide-based ISH procedure 
and by immunohistochernistry with anti-sst2 antibodies. 
Samples of both carcinoid tumors and SCCs were sst2 
positive, although a reduced, or absent signal was ob- 
served in poorly differentiated (small : ccil) carcinomas. 
This is the first study of ssi2 expression in a relatively 
laiee series of neuroendocrine tumors of the lung. Single 
samples oi human carcinoids and SCCs (including cell 
lines of the latter) had previously been analyzed and 
found to express ssi2 (7 J 5:30,32,33.39,42). Several 
mcdiods have been used io detect these receptors and 
partially overlapping results-were obtained. 

in die present study, tbe expression of high amounts of 
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TABLE 2, Clinicopathologic data and somatostatin receptor type 2 (sst2) expression in 26 cases of neuroendocrine 

- lung tumors 



Patient 






Si2e 


Follow-up 


CgA 


CgA 


SYP 


KK>7 


ssl2 


SSt2 IHC 


sstz IHC 


no. 


Diagnosis 


Sex/age 


(cm) 


(mo) 


IHC 


RT-PCR 


IHC 


IHC* 


RT-PCR 


Mao(10G4) 


(K230 Ab) 


1 


WD NET 


F/35 


33 


NED 90 


+• 


+++ 


+ F 


1.5 


44+ 


4 


. 4 


2 


WD NET 


F/29 


4 • 


NED 45 




-H 


" + F 


3 


++ 


4 


4 


3 


WD NET 


F/41 


2.5 


NED 70 


+ 


+4 


+- 


0.1 


444 


4 


4 r 


4 


WD NETt 


F25 


4 


NED 21 




++ 


+ 


2.6 


444' 


4 F 


4 F 


5 


WD NETt 


M/58 


3.8 


NED 23 


+ 


+ ++ 


-f 


13 


444 


4 F 


+ 


6 


WD NET 


M/52 


23 


NED 42 


+ 


++ 


+ 


- 4.5 


444 


+ F 


4 F 


7 


WD NET 


F/69 


3.5 


NED 47 


+ 


+4 


+ 


1 


4 


*4 


4 


8 


WD NET 


M/29 


3 


NED 70 




+++ 


+ . 


1.5 


444 


'4 


4 




WD NET 


M/27 . 


4 


NED 108 




+++ 


+ 


NT 


444 


4 


4 


1U 


VUU Mt U3f 


Ivt/DO 


o 


MWU DO 




++ 




1.1 


44 


4 F 


4 - 


11 


WD NET! 


F/29 


2 


AWD56 


+ 


+++ 


■ + 


25 


444 


4 




12 


WD NET* 


F/32 


3 


NED.26 


+ 


++ 


+ 


4 ** 


""""+++ 


4 


4 


13 


WD NE Ca 


M/60 


3 


NED 133 


+ 


+++ 


- + 


1 


444 


NT 


NT 


14 


WD NET 


M/2B 


4 


NED 130 


+ 


+++ . 


+ 


1 


4+4 


4 


4 


. 15 


WD NET+ 


M/41 


13 


AWD53 


+ 


+4+ 


+ 


1.5 


+44- 


4 


4 


16 


WD NET| 


F/31 


1 


NED 13 


+ 


++ 


44 


2.6 


4 


4 


4 


17 


WD NET 


F/53 


4 


NED 24 . 


. + 


+4 + 


+ F . 


4 


+44 


4F 


4 


1B 


WDNECa 


M/62 . 


3 


NED 6 




++ 




13 • 


444 


4 


4F 


19 


WD NE CA 


F/73 


5 


DOD 20 


+ 


+++ 


4 


3 


++ 


4 




20 


sec 


M/57 


6 


DOD 12 


+ 


++ . 


4 


45 


+ 


+ F 


4F 


21 


sec 


M/51 


4.5 


DOD 5 


+ 


+ 


4 


35 




+.F" 


4 F 


22 


WD NE Ca 


M/60 


6 


NED 51 


+ 


44 


4 


1.5 






4 


23 


sec 


F/56 


6 


DOD 11 


+ 


4 


4 


50 








24 


WD NE Ca 


M/77 


2.5 


NED 21 


■ + 


4 


4 


24 • 


+ 


+ F 


4F 


25 


sec 


M/57 


5 


DOD 10 


+ 


++• 


44 


80 








26 


sect 


M/68 


.11 


recent case 


+ 


+ 


44 


71 


4 







AWD, alive with disease; CgA, chromogranin A; DOD, died of disease; 4 F, focafc positive in <5% ol cells; IHC; Immunohistochemislry; 
Mab, monoclonal antibody, NECa, Neuroendocrine carcinoma; NED, no evidence of disease; NET, neuroendocrine tumor, NT, not tested; 
RT*PCR. reverse transcriptase polymerase chain reaction; SCC, Small-cell lung carcinoma; SYP, synaptophysin; Wp, well differentiated. 
. " Ki67 IHC: values cpnespond to percentage of positive nuclei of neoplastic cells. 

t Patients who had preoperative octreoscan performed. 

4 Patients who had octreoscan performed and octreotide treatment. 



sst2 mRNA was confirmed in well to moderately differ- 
entiated neuroendocrine tumors, in agreement with the 
results obtained by Reubi et aL (32) by means of radio- 
active 1SH. The presence of sst2 mRNA in SCC had 
never been reported in human specimens, except for two 
samples included in Reubi et al's series (32). Although 
the data on celJ lines support the observation thal'SCCs 
contain sst2 (42), slightly discrepant results were found 
in some of samples described here. Unfortunately, SCCs 
are rarely operated on, and therefore it is difficult to 
collect a large number of surgical spedmens. The five 
samples studied in the current series by means of RT- 
PCR had a low amount (iwo samples) or absent (three 
samples) sst2 mRNA. This could be the result of the 
extensive necrosis commonly present in such rumor 
types. However, because care was taken to freeze frag- 
ments that weremacioscopically devoid of necrotic ar- 
eas, a more likely hypothesis is that sst2 expression is 
reduced in poorly differentiated rumors. Recently, Reis- 
inger et al. (29) showed that the uptake of somatostatin 
analogues in patients with SCC undergoing chemo- 
therapy is significantly lower, and therapeutic external 
factors - in ay affect ihc receptor status of individual ru- 
mors. In addition, the uptake of somatostatin analogues 



in metastatic deposits of SCC has been shown to be low 
or absent (29,2). The present findings suggest that the 
-sst2 mRNA content is related to the degree of tumor 
differentiation. These data must be cojifirmcd in larger 
series of nonrreuroendocrine rumors to ascertain whether 
the observed loss oj decrease of sst2 expression in neu- 
roendocrine rumors is a common, event linked to neo- 
plastic dedifferentiauon. In addition, further studies are 
needed to assess the functionality of such receptors, by 
comparing the profile of sst2 expression in tumor tissues 
with binding assays employing labeled somatostatin and 
with the clinical response to diagnostic and therapeutic 
administration of somatostatin anaJogues. 

To this purpose, several investigators have demon- 
strated a correlation between clinical imaging or re- 
sponse to somatostatin analogue treatment, and sst2 
mRNA content in single , samples of carcinoid rumors 
(15,22). Northern blotting and 1SH woe the techniques 
used for sst2 mRNA identification. This kind of corre- 
lation is useful for selecting patients for somatostatin 
analogue treatment, although the demonstration of recep- . 
tor mRNA in a cell does not imply per se thai the recep- 
tor is fully functional. 

'Hie present study relied on a highly sensitive icch- 



Diofn Mol Foihol. l-W 9. /. 



SOMATOSTATIN RECEPTOR TYPE 2 IN NEUROENDOCRINE LUNG TUMORS 



55. 




- — rF)G. .8> sample no.- 14 (typical carcinoid!). In ^HtWiybod- 
■ - ization (ISH) for sst2 mRNA shows a weak cytoplasmatlc 
- staining (A) in most tumor cells.. An ISH performed with an 
unrelated probe was negative in a serial section of the 
same tumor (B). This, sample was strongly positive by 
\ reverse transcriptase polymerase chain reaction for sst2 
mRNA and by immunohislochemistry. (Nonradioactive 
ISH revealed by peroxidase and diarninobenzidine, as 
substrate. Nuclei counlerstained with hemalum.) Bar: 
75 pm. - 



: nique, RT-PCR, to identify all samples bearing even 
small amounts of sst 2 mRNA. Indeed, in a previous 
study, single samples exhibiting octreotide-binding sites 
- had no demonstrable sst2 mRMA by means of ISH, pos- 
sibly due to the low sensitivity of the ISH procedure (34). 
The RT-PCR bas shown sst2 mRNA transcripts in the 
majority of samples here studied. Only four samples 
were negative, all belonging to poorly differentiated high 
grade tumors, which usually follow an aggressive course. 
A decrease of ssi2 mRNA expression in association with 
neuroendocrine tumor dedifferentiarion had also been re- 
ported in neuroblastomas (37). In the above report, as 
well as in the current study, samples having an unfavor- 
able prognosis were found to contain a relatively low . 
amount of ssr2 mRNA, as compared with well- 
cb'fferentiaied rumors. 

In the current sample series, eight samples were in- 
vestigated before siugery with radiolabeled octreotide. 
Despite the low figures, all the samples positive at the 
diagnostic procedure had a strong RT-PCR signal for 
sst2 mRNA. Three of eight patients were also responsi ve 
io octreotide ueaunen! administered at the rime of re- 
lapse or metastatic spread. More extensive correlative 
chjijcopathoJogic smdies on the sst status are needed to 
better define the tissue distribution, of somatostatin bind- 
ing sites and their potential clinical role in the Deatxnenr 
of patients. 

Sst2 evaluation by means of ISH (14,32) or RT-PCR 
(26,37) is a highly sensitive and reliable procedure. Un- 
fortunately, these techniques haver limiiations because 
frozen lissue is needed for some of them, and radioactive — 
waiejial 0 j costly and lime- consuming methods aie nec- 



essary for others. Irrmrunobistocicmica} analysis of sst2 
by means of specific antibodies represents an ideal, 
cheap, and rapid alternative, easily applicable to archival 
material. For these reasons, several investigators have 
raised polyclonal antibodies specific for sst (8,10,15,17, 
3 8). In the current study, tested tumor fragments adjacent 
to those snap frozen for RT-PCR analysis were tested 
with a polyclonal antibody against a C-termina) portion 
of the sst2A splice variant (35,36). In addition, . a mono-? 
clonal antibody was produced in the Department of Pa- 
thology (University of Turin) against an N-terrriinal se- 
quence of the human sst2. This antibody was the first 
monoclo n al devel oped against sst2 and was shown to be 



highly specific for sst2 in Western blot and irnrnunohis- 
tocbemical analysis. Both the monoclonal and the poly- 
clonal antibodies specifically reacted with all samples 
also positive by RT-PCR (with minor discrepancies in 
two samples, likely due to rumor heterogeneity). The 
observed correlation between RT-PCR and unmunohis- - 
tocbemistry indicates "that the latter may be a reliable 
diagnostic tool and may allow uranunom'stocbernical in* 
vestigation for sst2 even in small biopsy samples. This in 
rum may enable a rapid screening of sst2-positjve tumors 
for medical treatment with somatostatin analogues. 

.Having confirmed in a relatively large series that the 
vast majority of neuroendocrine tumors of the lung con- 
tain variable amounts of sst2 mRNA, a final comment is 
deserved for sst2 expression* in nonneuroendocrine lung 
carcinomas. No data have been reported thus far in the 
literature concerning normal human lung, although in the 
present study some bronchial cells of peritumoral paren- 
chyma were positive for sst2 when iinmunohistocbemi- 
cal analysis was performed with either antibody. The 
staining was specific because it was abolished using pre- 
absorbed antibodies. Therefore, it is likely that normal 
human Jung tissue contains sst2.* This might .be con- 
fumed by alternative techniques (e.g.,' Western blot, RT- 
PCR). However, in situ morphologic procedures, such as . 
those employed here, have definite advantages. In fact, 
the lung is rich in vessels, and in several tissues (either iri- 
rumoral or in mflainjoiatory-reactive conditions) the ves- 
sels were recently shown to contain sst (6). 

A low expression of sst2 was found in 25% of lung 
carcinomas of nonneuroendocrine type investigated in 
the present study by means of RT-PCR. Therefore, sst 
type 2, at leas?, does not appear to be extensively ex- 
pressed in nonneuroendocrine carcinomas of the lung. 
However, because two tumors in the control group (a 
squamous carcinoma and an adenocarcinoma, rcspec- ■ 
lively) had positive octreotide scintigraphy, but no sst2 
mRNA, i I is plausible that a heterogeneous disnibution 
of sst occurs in nonneuroendocrine lung tumors. Other 
receptor types may be expressed in dicsc tumors and may 
be responsible for die positive results iii diagnostic test- 
in*?. Because sso. is also known to bind soma lost at in 
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analogues, such as octreotide, with high affinity (24), the 
expression of this xeceptoi type wil) be investigated in 
furore studies. □ 

Acknowledgments: The authors are grateful to Dr. P.L. 
Pilosso (Turin) for clinical data, to Mrs. M Cerrato and Mss S. 
. Solero for siaJlful technical help, and to Mr. A. Grua for the 
photographs. 

REFERENCES 

1. Abbona GC, Papotti M. Vibero L, Macri L, Stella A, Bussolati G. 
Cbromogranin A gene expressio n in non- small cell Jung carcino- 
mas. J Pathol 1 998; 186: 1-6. : ~ 

2. Bejenger N, Moretti JL, Boaziz C, Vigneron N, Morerc JF, Brean 
JL. Somatostatin receptor imaging in small cell lung cancel. Eur J 
Cancer 1996^2:1429-3). * 

3. Bussolaii G, Guglioria P, VolantcM, Pace M, Paponi M. Retrieved • 
endogenous biotin: a novel marker and potential pitfall in diag- 
nostic imjnDnohisiocbeniistiy. Bisiopaihology 1997;31:4 00-^7. 

4. Capclla C, Hem PU, Hofler H, Solcia E, Kloppel G- Revised 
classification of neuroendocrine rumors of ihe lung, pancreas and 
gut; Virchowj Arch 1995;425:547-60. 

5. Cbirgwin JM, Przybyla AE, Mac Donald RJ, Rutier W. Isolation of 
biologically active RNA from sources enriched in ribonuelease. 
Biochemistry 1979;18:5294-7. 

6. Denzler B, Rcobi JC. Expression of somatostatin recepiors in peri- 
rumor al veins of human tumors. Cancer 1999^85:189-98. 

7. Fujita T, Yamaji y. Soto M, M'urao K, Takahara J. Gene expies- 
sion of somatostatin receptor subtypes, SSTR1 and SSTR2, in 
buman lung cancer cell lines. Life Set 1994;55:1797-306. 

8. Gu WZ, Scbonbrunn A. Cooping specificity benveen somatostatin 
receptor sst2A and G proteins: isolation of the receptor-G protein 
complex with a receptor antibody. Mol Endocrinol 3997*1 1:527- 
37. 

9. Gussow D, Rein R. Ginjaar 1, Hocbstenbach F, Seemann G, Kott- 
man A; Ploegb HL Tbe human beta 2- microglobulin gene: pri- 
mary structuie and definition of ibe transcriptional unit. 7 Immunol 
1987;J 39:3 132-S. 

10. Helboe U Moller M, Noiregaard L, Schiodt M. Sudsen CE. De- 
velopmcut of selective an ti bodies against the human somatostatin 
receptor subtypes ssll-ssi5. Brain Res Mol Broin Res 1997 49: 
82-8. 

11. Helman 11, Ahn TG, Levine MA, el ah Molecular cloning and. 
primary structure of human chioroogranin A (secretory protein I) 
cDNA. J Biol Chem 1988,263:11559-63. 

12. Holland LL tin Q, Van Koetsvdd PM. ei a), immunohislocbem- 
ical detection of somatostatin receptor subtypes ssij and sst2A in 
human somatostatin recepior positive rumors. J Clin Endocrinol 
Metab 1999;84:775-80. 

13. Hsu SM, Raine L, Fangtr H. Use of avidine-per oxidase complex 
(ABC) id immunopej oxidase techniques: comparison between 
ABC and unlabeled antibody (PAP) procedure s. J Bistochttn Cy~ 
tochem 1981;29:577-80. 

14. Janson ET, Gobi A* Kalkne KM, Obetg K. A comparison between 
the efficacy of somatostatin receptor scintigraphy and thai of in situ 
hybr (dilation for soma tosta tin lecepror subrype 2 messenger RNA 
io predict theiapeutic outcome in carcinoid patients Cancer Res 
1996;56:2561-5. 

15. Janson ET, Stridsbexg M, Gobi A. Wesdin JE, Obtrg K. Determi- 
nation of somatostatin receptois subrype 2 in carcinoid aimoj^ by 
immunohistochermcal investigation ^jth somatostatin receptor 
subtype 2 antibodies. Cancer Rrs 1998;58:2375-8. 

16. Kcrstens HMJ, Poddighc PJ, Hanstlaai AGJM. A novel in situ 
hybridization iignal amplification method based on the deposition 
of biotinylaied tyjamine. J JSistochem Cyiochem 1995:43:347-5?. 

17. Krisch B. Feindt J. Mentlein R. Irnmoeocltc ironuiicroscopic 
analysis of die li^and- induced internalization of tbe somatostin 



receptor subtype 2 io cultured human glioma cells. J tlistochem 
. Cytockem 1 99 8;46:l233-4X 

18. Kumar Laird D, Srikant CB, Eschcr E Pstcl YC. Expression of 
the five somatostatin receptors (SSTR1-5) subtypes in rat pitnitaiy 
somatotrophts: quantitative analysis by double-label imrnunofh> 
ojescence confocal miaoscopy. Endocrinology 1997;138:4473-6. 

19. Kwok S, HigucbJ R. Avoiding false positives wtth PCR- Nasure 
1989^39^237-8. 

20. Lambtns SWJ, Holland IJ, Koetsveld PM, Renbi JC, Biwirring. 
HA, Batker VVH, Krennin^ EP. Parallel in vivo and in vitro dc- 

. lection of functional $6roaios latin receptors in human endocrine 
pancjtaric tumors: consequences with regard to diagnosis, local- 
izaiion and therapy; J Clin Endocrinol MetaB 1990;71:566-74. 

21. Malavasi F, Funaro A, Bellone G F ct al. Funco'onal and molecular 
characterization by ihe CB04 monoclonal antibody of a cell surface 
structure exerting C3-corople«>ent lecepior activity. J Clin Jmmu- 

DoUm^AU-M 

2Z Nilsson O, Kolby L, Wangberg B. et al_ Comparative studies on the 
expression of somatostatin receptor sobtypes, ouicome of octreo- 
tide sciniigrapby and response to octreotide treatment in-patients 
with carcinoid tumours. Br J Cancer 1998;77:632-7. 

23. Pagani A, Forni M, Tonini GP, Papotti M. Bussolaii G. Expression 
of members of the chtroroogranin family in primary neuroblasto- 
mas. Diogn Mol Pathol 1992;1:16-24. 

24. PanetU R, Greenwood MT, Warszynska A, et al Molecular clon- 
ings functional characterization and chromosomal localization of a 
human somatostatin receptor (somatostatin receptor type 5) with 
preferential affinity for somatostfltin-28. Mol Pharmacol 1994;45: 
417-27. 

25. Papotti M, Macri L, Bussolari G, Reubi JC Correlative study oh 
neuroendocrine differentiation and presence of somatostatin recep- 
tors in breast carcinomas. Inl J Cancer 1989;43:365-9. - 

26. Papotti M, Macri L, Pagani A, Aloi F, Bussolari G." Quanrilation of 
somatostatin receptor type 2 in neuroendocrine (Merke) cell) car- 
cinoma of the skin by competitive RT-PCR Endocr Pathol 1999; 
10:1-10. 

27. Patel YC, Panerta K. Escher E, Greenwood M, Srikanl CB. Ex- 
pression of multiple somatostatin recepior geoes in AiT-20 cells: 
evidence for a novel somatosiarin-28 selective lercptor subrype. J 
Biol Chem I994;269:l 506-9. 

28. Pearson WR, Lipman DJ. lihproved tools for biological sequence 
comparison. Proc Natl Acod Sci USA 1988;85:2444~8^ 

29. Reisinger 1, Bohuslavtzki KH, Brenner W, el al Somatosiaim re- 
ceptor scintigraphy in sinallTCell lung cancer results of a mulri- 
cemer study. J Nucl Med 1 99839:224-7. 

30. Reubi JC, Kappclcr A; Wsacr B. Laissue J, Hipkin RW, Scbon- 
brunn A. Immunobisiccbernical localization of somatostatin recep- 
tors sst2A in human rumors. Am J Pathol 1998;153:233-45. 

31. Reubi JC, Mauier R, von Werder K. Torborst J, Klijm JGM. Lam- 
berts SWJ. Somatostatin receptors in* human endocrine tumors. 
Cancer Res 1 '987 ;4 7:55 1-8. 

32. Reubi JC, Schaer JC, Wasfcr B, Mensod G. Expression and local- 
ization of somatostatin receptors SSTR1, SSTR2, SS7K3 messen- 
ger RNA in primary human rumors using in sjdj hybridisation. 
Cancer Res 1994;54:3455-9. 

33. Reubi JC, Waset B, Sheeppard M. Macaulay V. Somatostatin re- 
ceptors are present in small-cell but not in non-small-cel) primary 
Jung carcinomas: relationship to EGF receptors. Ini J Cancer 1990; 
45:269-74. 

34. Schaer JC, Waser B, Mensod G, Reubi JC Somatostatin receptors 
subtypes sstl, sst2, ss(3 and sst5 expression in buman piruitar)*, 
gasnoenrero- pancreatic and mammary -tumors: comparison of 
mRNA analysis will) lecepior aotoradioeiapby. lm J Cancer 1997; 
70:530-7. 

55. Schindler M, HoMoway S, Humphrey PPA, WaJdvogel H, Faull 
RLM, Bersei V/, Ejldjou PC Localization of tbe somDiostaiirr sVt2a 
jeceptoi in human cercbial conex. hippocampus and cerebellum. , 
Neurorepon 1998:9:521-5. t 

36. Schindler M, Sellers LA. Humphrey PP, \ t Emson PC. brunnno- j 
bisioobemical localization of the sommostfltin jst2(A) receptor in j 
the rat brain and spinal cord. Neu'tostience 1997;76:225-40. \ 

37. ScstiDi R. Ojlando C. Peri A. ft al. Quantification of somatostatin 



SOMATOSTATIN RECEPTOR TYPE 2 IN NEUROENDOCRINE LUNG TUMORS 



57 



receptor type -2 gene expression in neuroblastoma- cell fines and 
primary tumors using -competitive reverse transcription- poly- 
merase chain reaction. Clin Cancer Res 1996;2:1757-65. 

38. Speel EJM, Saremaslani P„ Roth 3. Bopman AHN, Komminoth P. 
Improved mRNA in situ hybrid 2ation on formaldehyde-fixed and 

- paraffin-embedded tissue using signal amplification with different 
baptenbed lyranrides. Bissochem Cell Biol 1998;420:1-7. 

39. Taylor JE, Thcveniau MA, Bashirzadeh R, Reisine T, Eden PA. 
Detection of somatostatin receptor subtype 2 (SSTR2) in eslab- 

" lisbed tumors and mroorctJl lines: evidence for $st2 he terogeneity. 
Pepti&s 1994;J5:1229k36. 



4a Travis WD, Gal AA, Colby TV, KKrostra DS, Falk R, Koss MR 
Reproducibility of neuroendocrine hmg rumoi classification. Hum 
Poihol 199829272-9. 

41. Yamada Y, Post SR. Wang K. Tager H, Bel) Gl Seino S. Oonipg 
and functional characterization of a family of human and mouse 
somatostatin receptors expressed in brain, gastrointestinal tract and 
kidney. Biochemistry 1992;89:251-5. 

42. Zhang CY, Yokogoshi Y, Yoshimoto K, FnjinaJta Y, Matsomoto 
K» Saito S. Point mutation of the somatostatin receptor 2 gene in 
the human small cell lung cancer cell line COR-L103. Bidchem 
Biophyj Res Commun 1 995210:805-15. 



1 50: Virchows Arch. 2002 May;440(5):46 1 -75. Epub 2002 Mar 23 Related Articles. Links 
>fincerLink 

Expression of somatostatin receptor types 1-5 in 81 cases of 
gastrointestinal and pancreatic endocrine tumors. A correlative 
immunohistochemical and reverse-transcriptase polymerase chain 
reaction analysis. 

Papotti M, Bongiovappi M, Volante M . Allia £, LandolfiS . Helboe L, SchincHer M . 
Cole SL , Bussolari G . 

Department of Biomedical Sciences and Oncology, University of Turin, Via Santena 7, 
10126 Turin, Italy, mauro.papotti@unito.it 

Somatostatin receptors (SSTRs) have been extensively mapped in human tumors by 
means of autoradiography, reverse-transcriptase polymerase chain reaction (RT-PCR), in 
situ hybridization (ISH) and immunohistochemistry (IHC). We analyzed the SSTR type 
1-5- expression by means of RT-PCR and/or IHC in a series of 81 functioning and non- 
functioning gastroenteropancreatic (GEP) endocrine tumors and related normal tissues. 
Moreover, we compared the results with clinical, pathological and hormonal features. 
Forty-six cases ( 1 3 intestinal and 33 pancreatic) were studied for SSTR 1-5 expression 
using RT-PCR, IHC with antibodies to SSTR types 2, 3, 5 and ISH for SSTR2 mRNA. 
The vast majority of tumors expressed SSTR types 1 , 2, 3 and 5, while SSTR4 was 
detected in a small minority. Due to the good correlation between RT-PCR and IHC data 
on SSTR types 2, 3, and 5, thirty-five additional GEP endocrine tumors were studied with 
IHC alone. Pancreatic insulinomas had an heterogeneous SSTR expression, while 100% 
of somatostatinomas expressed SSTR5 and 100% gastrinomas and glueagonomas 
expressed SSTR2. Pre-opcrative biopsy material showed an overlapping 
immunoreactivity with that of surgical specimens, suggesting that the SSTR status can be 
detected in the diagnostic work-up. It is concluded that SSTRs 1-5 are heterogeneously 
expressed in GEP endocrine tumors and that IHC is a reliable tool to detect SSTR types 
2, 3 and 5 in surgical and biopsy specimens. 



PMID: 12021920 [PubMed - indexed for MEDLINE] 



^ 1 1 Au S l5 i l l(16):5869-77. Related Articles. Links 




P-cadherin ovei expression is an indicator of clinical outcome in invasive 
breast carcinomas and is associated with CDH3 promoter 
hypomcthylation. 

Parcdes J, Albergaria A. Olivet ra JT , Jeronimo C Milanezi F . Schmitt FC . 

[nstitute of Pathology and Molecular Immunology of Porto University (IPATIMUP), 
Braga, Portugal, jparedes@ipatimup.pt 

PURPOSE: P-cadherin overexpression has been reported in breast carcinomas, where it 
was associated with proliferative high-grade histological tumors. This study aimed to 
analyze P-cadherin expression in invasive breast cancer and to correlate it with rumor 
markers, pathologic features, and patient survival. Another purpose was to evaluate the P- 
cadherin promoter methylation pattern as the molecular mechanism underlying this gene 
regulation. EXPERIMENTAL DESIGN: Using a series of invasive breast carcinomas, P- 
cadhenn expression was evaluated and correlated with histologic grade, estrogen 
receptor, MIB-1, and p53 and c-erbB-2 expression, in order to assess whether P-cadherin 
expression was associated with changes in CDH3 promoter methylation, we studied the 
methylation status of a gene S'-flanking region in these same carcinomas. This analysis 
was also done for normal tissue and for a breast cancer cell line treated with a 
demethylating agent. RESULTS: P-cadherin expression showed a strong correlation with 
high histologic grade, increased proliferation, c-erbB-2 and p53 expression, lack of 
estrogen receptor, and poor patient survival. This overexpression can be regulated by 
gene promoter methylation because the 5-Aza-2'-deoxyeytidine treatment of MCF-7/AZ 
cells increased P-cadherin mRNA and protein levels. Additionally, we found that 71% of 
P-cadherin-negative cases showed promoter methylation, whereas 65% of positive ones 
were unmethylated (P = 0.005). The normal P-cadherin-negative breast epithelial cells 
showed consistent CDH3 promoter methylation. CONCLUSIONS: P-cadherin expression 
was strongly associated witii tumor aggressiveness, being a good indicator of clinical 
outcome. Moreover, the aberrant expression of P-cadherin in breast cancer might be 
regulated by gene promoter hypomethylation. 
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Mammary-derived growth inhibitor protciu and messenger ribonucleic 
acid concentrations in different physiological states of the gland. 

Politis h Gorcwit RC MuUer T\ Grossc R . 

Department of Animal Science, Cornell University, Ithaca 14853. 

Expression of mammary-derived growth inhibitor in tissue from Iactating and involuting 
bovine mammary glands was investigated. Seventeen Iactating, pregnant (220 to 272 d in 
gestation) cows were divided in two groups of 8 and 9 cows each. Cows of the first group 
were slaughtered while in lactation. Cows of the second group (9 involuting cows) were 
slaughtered at 13 to 52 d following sudden cessation of milking. High concentrations of 
mammary-derived growth inhibitor (.63% of the total protein) were detected in mammary 
tissue of Iactating cows. Mammary-derived growth inhibitor (less than . 10% of the total 
protein) was dramatically reduced during most of the involution period (13 to 45 d 
following cessation of milking). Mammary-derived growth inhibitor was again detected 
(.28% of the total protein) duringthe last stage of the involution (46 to 53 d after 
cessation of milking), which coincided with colostrum formation. When steady state 
concentrations of mammary-derived growth inhibitor mRNA were examined, the results 
obtained mirrored those obtained at the protein concentration. These data suggest that 
regulation of mammary-derived growth inhibitor occurs via modulation of the steady 
state concentration of its mRNA. Furthermore, there is a strong correlation between 
mammary-derived growth inhibitor expression and lactation in dairy cows. 
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T-cell receptor V beta-family usage in primary cutaneous and primary 
nodal T-cell non-Hodgkin's lymphomas. 

PrccsmanAH , HuHZ, Tilanus MG. deGeus B: Schtmrman HJ Reitsma R. van 
Wichen DF, van Vlotcn WA . de Weger RA . ~ ~ " — 

Department of Pathology, University Hospital Utrecht, The Netherlands. 

To evaluate whether the expression of T-cell receptor (TCR) V beta families in eight 
cases of malignant T-cell lymphomas took place in a preferential manner, we analyzed 
four cases of mycosis fungoides (MF), the most common form of primary cutaneous T- . 
cell non-Hodgkin's lymphomas (NHL), and four cases of primary nodal T-cell NHL. The 
usage of V beta families in T-cell populations was investigated on mRNA that was 
transcribed to cDNA using a C beta primer and reverse transcriptase. Subsequently, the 
specific usage of the families was analyzed by polymerase chain reaction (PCR) using 
combinations of the selected C beta-oligonucleotide primer and one of the family-specific 
V beta primers. Peripheral blood lymphocytes from four healthy volunteers and 1 
"reactive" lymph node served as a control and expressed all 20 V beta families tested for. 
In T-cell lines, with restricted V beta expression, and in three patients with advanced MF 
only one or two V beta families were expressed at the mRNA level. In an early MF lesion 
this monoclonal expression was absent: several V beta families were expressed with a 
weak intensity. This may indicate either a polyclonal origin of MF, or that too few 
monoclonal neoplastic ceils were present in the tissue specimen. In the four nodal T-cell 
NHL, only one family could be clearly distinguished, whereas some of the other V beta 
families showed only a weak expression. These latter families represent the reactive T- 
cell component in the nodal T-cell NHL. Both in nodal T-cell NHL and in MF there was 
no preferential expression of a particular V beta family. There was a good correlation 
between PCR data and the expression of V beta-family protein products observed by 
inununohistocliemistry on tissue sections of the T-cell lymphomas. All T.cell lines, three 
cases of MF, and three cases of nodal T-cell NHL showed a rearrangement of the TCR 
beta chain on DNA level. 
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Matrilin-3 in human articular cartilage: increased expression iu 
osteoarthritis. 

Q, WcselohG, KIM AR . VVagener R, Swoboda B . 

Division of Orthopaedic Rheumatology, Department of Orthopaedics, University of 
Erlangen-Nuremberg, Rathsberger Str. 57, D-9 1 054 Erlangen, Germany. 
oliver.pullig@med.uni-erlangen.de 

OBJECTIVE; Matrilin-3 is a member of the recently described matrilm family of 
extracellular matrix proteins containing von Wiliebrand factor A-like domains. The 
matrilin-3 siibunit can fonn homo-tetramers as well as hetero-oligomers together with 
subunits of matrilin-1 (cartilage matrix protein). It has a restricted tissue distribution and 
is strongly expressed in growing skeletal tissues. Detailed information on expression and 
distribution of extracellular matrix proteins is important to understand cartilage function 
in health and in disease like osteoarthritis (OA). METHODS: Normal and osteoarthritic 
cartilage were systematically analysed for matrilin-3 expression, using 
irnmunorustochemistry, Western blot analysis, in situ hybridization, and quantitative 
PCR. RESULTS: Our results indicate that matrilin-3 is a mandatory component of 
mature articular cartilage with its expression being restricted to chondrocytes from the 
tangential zone and the upper middle cartilage zone. Osteoarthritic cartilage samples with 
only moderate morphological osteoarthritic degenerations have elevated levels of 
matrilin-3 mRNA. In parallel, we found an increased deposition of matrilin-3 protein in 
the cartilage matrix. Matrilin-3 staining was diffusely distributed in the cartilage matrix, 
with no cellular staining being detectable. In cartilage samples with minor osteoartliritic 
lesions, matrilin-3 deposition was restricted to the middle zone and to the upper deep 
zone. A strong correlation was found between enhanced matrilin-3 gene and protein 
expression and the extent of tissue damage. Sections with severe osteoartliritic 
degeneration showed the highest amount of matrilin-3 mRNA, strong signals in in situ 
hybridization, and prominent protein deposition in the middle and deep cartilage zone. 
CONCLUSION: We conclude that matrilin-3 is an integral component of human articular 
cartilage matrix and that the enhanced expression of matrilin-3 in OA may be a cellular 
response to the modified microenvironment in the disease. Copyright 2002 Osteo Arthritis 
Research Society International. 
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Up-regulation of mitochondrial peripheral benzodiazepine receptor 
expression by tumor necrosis factor alpha in testicular leydig cells. 
Possible involvement in cell survival. 

Rcy C , Mauduit C , Naureils O , Benahmed M , Loutsot P , Gasnier F . 

INSERM U. 189, Faculte de Medecine Lyon-Sud, BP12, 69921 cedex, OulUns, France. 

Porcine Leydig cells in primary cultures are resistant to tumor necrosis factor alpha 
(TNFalpha) cytotoxicity. Here we report that these cells can be rendered sensitive to 
TNFalpha killing by treatment with the translational inhibitor cycloheximide, suggesting 
the existence of proteins that can suppress the death stimulus induced by the cytokine. In 
search of these cytoprotecti ve proteins, we focused on the constituents of the 
mitochondrial permeability transition pore (PT pore), whose opening has been shown to 
play a critical role in the TNFalpha-mediated death pathway. We found that TNFalpha 
. up-regulated mRNA and protein expression of the mitochondrial peripheral 
benzodiazepine receptor (PBR), an outer membrane-derived constituent of the pore. A 
strong correlation was established between the resistance of the cells to TNFalpha killing 
and the density of PBR-binding sites. Concomitantly, TNFalpha down-regulated Bcl-2 
mRNA and protein expression. As Bcl-2 has been shown to be an endogenous inhibitor 
of the PT pore, we hypothesize that the TNFalpha-induced up-regulation of PBR 
expression may compensate for the decrease in Bcl-2 levels to prevent the opening of the 
PT pore. 
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GLUTl messenger RNA and protein induction relates to the malignant 
transformation of cervical cancer. 

Rudlovvski C , Becker AJ. Schroder W, Rath VV , Buttncr R , Moser M . 

Dept of Gynecology and Obstetrics, University Hospital Heidelberg, Vossstr 7-9, D- 
691 15 Heidelberg, Germany. 

We studied whether induction of glucose transporters (GLUTs) I to 4 correlates with 
human papillomavirus (HPV)-dependent malignant transformation of cervical epithelium. 
Tissue samples of cervical intraepithelial neoplasia (CIN; grades I to 3), invasive 
carcinomas, and lymph node metastasis were examined. HPV typing was performed; 
Tissue sections were immunostained with GLUTl to GLUT4 antibodies. Messenger 
RNA (mRNA) in situ hybridization confirmed GLUTl protein expression. Weak 
expression of GLUTl was found in nondysplastic HPV-positive and HPV-negative 
epithelium; significant expression was observed in preneoplastic lesions, correlating with 
the degree of dysplasia. In CIN 3 high-risk HPV lesions, cervical cancer, and metastasis, 
GLUTl was expressed at highest levels with a strong correlation of GLUTl mRNA and 
protein expression. Irnrriunostains for GLUT2 to GLUT4 were negative. Cervical rumor 
cells respond to enhanced glucose utilization by up-regulation of GLUTl . The strong 
induction of GLUTl mRNA and protein in HPV-positive CIN 3 lesions suggests GLUTl 
overexpression as an early event in cervical neoplasia. GLUTl is potentially relevant as a 
diagnostic tool and glucose metabolism as a therapeutic target in cervical cancer. 
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Expression and distribution of latninin alphal and alpha2 chains ui 
embryonic and adult mouse tissues: an immunochemical approach. 

Sasaki T, Giltay R m TaKs U, Ttnipl R, Talts JF . 

Max-PIanck-lnstitute for Biochemistry, Martinsried, D-82152, Germany. 

Protein levels, rhRNA expression, and localization of laminin alphal and alpha2 chains in 
development and in adult mice were examined. Recombinant fragments were used to 
obtain high-titer-specific polyclonal antibodies for establishing quantitative 
radioimmuno-inhibition assays: This often demonstrated an abundance of alpha2 chain, 
but also distinct amounts of alpha I chain for adult tissues. The highest amounts of alphal 
were found in placenta, kidney, testis, and liver and exceeded those of alpha2. All other 
tissue extracts showed a higher content of alpha2, which was particularly high in heart 
and muscle when compared to alphal . Content of gamma 1 chain, shared by most 
laminins, was also analyzed. This demonstrated gammal chain levels being equal to or 
. moderately exceeding the sum of alphal and alpha2 chains, indicating that these isoforms 
represent the major known laminin isoforms in most adult mouse tissues so far examined. 
Moreover, we found good correlation between radioimmuno-inhibition data and raRNA 
levels of adult tissues as measured by quantitative real-time reverse transcriptase-PCR. 
Embryonic tissues were also analyzed by radioimmuno-inhibition assays. This 
demonstrated for day 1 1 embryos comparable amounts of alphal and gammal and a 
more than 25-fold lower content of alphaZ This content increased to about 10% of 
alphal in day 13 embryos. The day 18 embryo showed in heart, kidney, and liver, but not 
yet in brain and lung, alphal/alpha2 chain ratios comparable to those in adult tissues. 
Immunostaining demonstrated alphal in Reichert's membrane (day 7.5), while alpha2 
could not be detected before day 1 1 .5. These data were compared with 
immunohistochemical localization results on several more embryonic and adult tissue 
sections. Our results regarding localization are consistent with those of earlier work with 
some notable exceptions. This was in part due to epitope masking for monoclonal 
antibodies commonly used in previous studies in esophagus, intestine, stomach, liver, 
kidney, and spleen. 
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Discordant regulation of granzyme H and granzyme B expression in 
human lymphocytes. 

Sedelies KA, Sayers TJ, Edwards KM . Chen W. Pellicci DG . Godfrey PI, Trapani 
JA . 

Cancer Immunology Laboratory, Peter MacCallum Cancer Centre, Locked Bag 1 , 
A'Beckett Street, East Melbourne, 8006, Australia. 

We analyzed the expression of granzyme H in human blood leukocytes, using a novel 
monoclonal antibody raised against recombinant granzyme H, 33-kDa granzyme H was 
easily detected in un fractionated peripheral blood mononuclear cells, due to its high 
constitutive expression in CD3(-)CD56(+) natural killer (NK) cells, whereas granzyme B 
was less-abundant. The NK lymphoma cell lines, YT and Lopez, also expressed high 
granzyme H levels. Unstimulated CD4(+) and particularly CD8(+) T cells expressed far 
lower levels of granzyme H than NK cells, and various agents that classically induce T 
cell activation, proliferation, and enhanced granzyme B expression failed to induce 
granzyme H expression in T cells. Also, granzyme H was not detected in NK T cells, 
monocytes, or neutrophils. There was a good correlation between mRNA and protein 
expression in cells that synthesize both granzymes B and H, suggesting that gzmH gene 
transcription is regulated similarly to gzmB. Overall, our data indicate that although the 
gzmB and gzmH genes are tightly linked, expression of the proteins is quite discordant in 
T and NK cells. The finding that granzyme H is frequently more abundant than granzyme 
B in NK cells is consistent with a role for granzyme H in complementing the pro- 
apoptotic function of granzyme B in human NK cells. 
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BCL2 protein expression parallels its mRNA level in normal and 
malignant B cells. 

SlienY, Iqbal J, Huang JZ , Zhou G , Chan WC . 

Department of Pathology and Microbiology, University of Nebraska Medical Center, 
Omaha, USA. 

The regulation of B-cell lymphoma 2 (BCL2) protein expression in germinal center (GC) 
B cells has been controversial. Previous reports have indicated posttranscriptional 
regulation plays a dominant role. However, a number of recent studies contradicted these 
reports. Using real-time polymerase chain reaction (PCR) and Standardized Reverse 
Transcriptase-PCR (StaRT-PCR), we measured the level of mRNA expression in GC, 
. mantle zone (MNZ), and marginal zone (MGZ) cells from laser capture microdissection. 
Both quantitative RT-PCR measurements of microdissected GC cells from tonsils 
showed that GC cells had low expression of BCL2 transcripts commensurate with the 
low protein expression level. These results are in agreement with microarray studies on 
fluorescence-activated cell sorter (FACS)-sorted cells and microdissected GC cells. We 
also examined BCL2 mRNA and protein expression on a series of 30 cases of diffuse 
large B-cell lymphoma (DLBCL) and found, in general, a good correlation. The results 
suggested that BCL2 protein expression is regulated at the transcriptional level in normal 
B cells and in the neoplastic cells in most B-cell lymphoproliferative disorders. 
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Quantitative determinations of the steady state transcript levels of 
hexokinase isozymes and glucose transporter isoforms in normal rat 
tissues and the malignant tumor cell line AH130, 

Shinohara Y, Yamamoro K , Inoo K , Yamazaki N, Terada H . 

Faculty of Pharmaceutical Sciences, University of Tokushima, Japan. 
yasuo@ph.tokushima-u.ac.jp 

The steady state transcript levels of the four hexokinase (HK) isozymes and four glucose 
transporter (GLUT) isoforms were determined quantitatively by Northern analysis of 
RNA samples from rat tissues using synthetic fragments of the RNAs encoding the HK 
isozymes and GLUT isoforms. Results showed that the levels of HK isozyme transcripts 
were low in rat tissues, the level of that most highly expressed, the type I isozyme (HK1), 
in the brain being 0.025% of the total poIy(A)+- RNA. A good correlation was found 
between the reported HK activities and the total amounts of transcripts encoding all HK 
isozymes in various tissues, showing that the HK activities in tissues can be estimated 
from the total amount of transcripts encoding HK isozymes. The proposed associated 
expressions of HK isozymes and GLUT isoforms in particular tissues were confirmed at 
their transcript levels. The steady state transcript levels of type 11 HK and the type I 
GLUT isoform in the malignant tumor cell line AH130 were also determined 
quantitatively. 
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UVA irradiatioa-induccd activatioa of activator protein- 1 is correlated 
with induced expression of AP-l family members in the human 
keratinocyte cell line HaCaT. 

Silvers AL , Bowden GT . 

Department of Radiation Oncology, Arizona Cancer Center, The University of Arizona, 
Tucson 85724, USA. 

To determine whether the transcription factor activator protein- 1 (AP-l) could be 
modulated by ultraviolet A (UVA) exposure, we examined AP-l DNA-binding activity 
and transact! vati on after exposure to UVA in the human urimortalized keratinocyte cell . 
line HaCaT. Maximal AP-l transactivation was observed with 250 kJ/m2 UVA between 
3 and 4 h after irradiation: DNA binding of AP-l to the target 1 2-0- 
tetradecanoylphorbol- 1 3 -acetate response element sequence was maximally induced 1-3 
h after irradiation. Both de novo transcription and translation contributed to the UVA- 
induced AP-l DNA binding. c-Fos was implicated as a primary component of the AP-l 
DNA-binding complex. Other components of the complex included Fra-2, c-Jun, JunB 
and JunD. UVA irradiation induced protein expression of c-Fos, c-Jun, Fra-1 and Fra-2. 
Phosphorylated forms of these induced proteins were determined at specific time points. 
A strong correlation existed between UVA-induced AP-l activity and accumulation of c- 
Fos, c-Jun and Fra-1 proteins. UVA irradiation also induced c-fos and c-jun mllNA 
* expression and transcriptional activation of the c-fos gene promoter. . These results 
demonstrate that UVA irradiation activates AP-l and that c-fos induction may play a 
critical role in the response of these human keratinocytes to UVA irradiation. 



PMID: 1 1950097 [PubMed - indexed for MEDLINE] 



; 42 ^: A ^j^^^jJ^^9 ct;267 ^ 4 P t2 ):F546-57. Related Articles, Links 

Rat kidney glutamyl amiaopeptidase (aminopeptidase A): molecular 
identity and cellular localization. 

Song .L, Ye M, Trovanovskaya M, Wilk E, Wilk S. Healy DP . 



Department of Pharmacology, Mount Sinai School of Medicine, City University of New 
York, New York 10029. 

Glutamyl aminopeptidase [aminopeptidase A (EAP), EC 3.4. 11 .7] is an ectoenzyme that 
selectively hydrolyzes acidic amino acid residues from the amino terminus of 
oligopeptides. EAP activity is highest within the kidney and small intestine. The murine 
pre-B cell BP-1/6C3 and the human kidney glycoprotein gpl60 differentiation antigens 
have been reported to have biochemical properties indistinguishable from EAP. It is not 
known, however, if rat kidney EAP is a homologue of these antigens or molecularly 
distinct. Using the reverse transcription-polymerase chain reaction method with 
oligonucleotide primers based on the BP-1/6C3 nucleotide sequence, we isolated a 450- 
bp partial cDNA from rat kidney poly(A)+ RNA. The partial cDNA encoded a predicted 
protein that was 92% and 86% identical to the murine BP-1/6C3 and human gpl 60 
antigens, respectively; the amino acid sequence within the zinc-binding domain was 
completely conserved. Purification of EAP from rat kidney and microsequence analysis 
of a tryptic digest peptide fragment ( 1 8-mer) indicated that the fragment was highly 
similar to a region within the BP-1/6C3 and gpl60 proteins. Northern blot hybridization 
and immunoblot analyses were also consistent with labeling of products the same size as 
reported for the BP-1/6C3 and gpl60 antigens. There was a good correlation between the 
cellular distribution of EAP mRNA and EAP immunoreactivity, with proximal tubules 
and glomerular mesangial cells having the highest densities. These results indicate that 
rat kidney EAP is a species homologue of the murine BP-1/6C3 and human gpl60 
antigens. Furthermore, on the basis of its cellular localization, rat kidney EAP is likely to 
be involved in degradation of oligopeptides within the glomerulus and the glomerular 
filtrate. Since cells that express EAP also express receptors for angiotensin II, an 
intrarenal vasoactive hormone that is a substrate for EAP, these results further suggest 
that EAP may play a role in modulating the activity of intrarenal angiotensin If 
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Tumor necrosis factor-alpha upregulates the prostaglandin E2 EP1 
receptor subtype and the cyclooxygcuasc-2 isoform in cultured amnion 
WISH cells. 

Spaziani EP , Bcnoit RR , Tsibris JC , Gould SF , O'Brien WF . 

University of South Florida Health Science Center, Department of Obstetrics & 
Gynecology, Tampa 33612, USA. espa2ian@c0rat.med.usf.edu 

Recent studies have demonstrated a strong correlation between infection and preterm 
labor. Preterm delivery is also associated with high levels of cytokines and prostaglandins 
in amniotic fluid. The purpose of this study was to investigate the effect of tumor necrosis 
factor-alpha (TNF-alpha) on the levels of cyclooxygenase, prostaglandin E2 production 
(PGE2), and expression of the PGE2 receptor subtype EP 1 in amnion WISH cell culture. 
Amnion WISH cell cultures were incubated in increasing concentrations of TNF-alpha 
(0-50 ng/ml). Changes in cyclooxygenase and EPl receptor proteins were evaluated by 
Western blot analysis. Changes in EPl mRNA were evaluated by Northern blot, and 
culture fluid concentrations of PGE2 were estimated by enzyme immunoassay (ElA). 
.EPl protein (p<0.01), EPl mRNA (p<0.05), cyclooxygenase-2 (COX-2) protein 
(pO.001 ), and PGE2 concentrations (p<0.01) all increased with increasing 
concentrations of TNF-alpha. Changes in COX- 1 protein were not observed following 
TNF-alpha-incubation. The results suggest that TNF-alpha may play a role in infection- 
induced preterm labor by its pleiotropic ability to simultaneously stimulate COX-2 
activity, PGE2 concentrations, and PGE2 EPl receptor levels in human amnion. 
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Transcriptional activity of potent glucocorticoids: relevance of 
glucocorticoid receptor isoforms and drug metabolites. 

Spika t, Hammer S, Kleuser B , Korting HC Schafer-Korting M 

Institut fur Pharmazie, Abteilung for Pharmakologie und Toxikologie, Freie Oniversitat 
Berlin, Berlin, Germany. 

As compared to standard glucocorticoids (GC), prednicarbate (PC) is favorable in the 
treatment of eczema due to its high benefit/risk ratio. The remarkable anti-inflammatory 
effects of PC are in strong contrast to its reported low glucocorticoid receptor (GR) 
binding affinity, [n transfected COS-7 cells we related the transcriptional potencies of 
PQ its metabolites and conventional GC to their receptor binding properties. Moreover, 
the expression pattern of the human GR isoform hGRalpha and its mutual dominant 
negative inhibitor hGRbeta in skin cells have been investigated as well as the influence of 
hGRbeta on receptor binding and transactivation. hGRalpha mRNA and protein was 
largely overexpressed in skin cells. hGRbeta showed no influence on hGRalpha binding 
and transactivation. Concentration response curves indicated the greater transactivation 
. potency of betamethasone 1 7~ valerate followed by dexamethasone and prednisolone 17-. 
ethylcarbonate. Native PC appeared almost as potent as dexamethasone. With both a 
strong correlation was observed between transactivation and GR binding. Copyright 2003 
S. Karger AG, Basel 
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Specific inhibition of AQP1 water channels in isolated rat intrahepatic bile 
duct units by small interfering RNAs. 

Splinter PL . Masyuk AL LaRusso NF . 

Center for Basic Research in Digestive Diseases, Division of Gastroenterology and 
Hematology, Mayo Medical School, Clinic, and Foundation, Rochester Minnesota 55905 
USA. ' 

Cholangiocytes express water channels (i.e. aquaporins (AQPs)), proteins that are 
increasingly recognized as important in water transport by biliary epithelia. However, 
direct functional studies demonstrating AQP-mediated water transport in cholangiocytes - 
are limited, in part because of the lack of specific AQP inhibitors. To address tins issue, 
we designed, synthesized, and utilized small interfering RNAs (siRNAs) selective for 
AQP 1 and investigated their effectiveness in altering AQP 1 -mediated water transport in 
intrahepatic bile duct units (IBDUs) isolated from rat liver. Twenty-four hours after 
transfection of IBDUs with siRNAs targeting two different regions of the AQP1 
transcript, both AQP I mRNA and protein expression were inhibited by 76.6-92.0 and 
57.9-79.4%, respectively. siRNAs containing the same percent of base pairs as the 
AQP I -siRNAs but in random sequence (i.e. scrambled siRNAs) had no effect. 
Suppression of AQP I expression in cholangiocytes resulted in a decrease in water 
transport by IBDUs in response to both an inward osmotic gradient (200 mosm) or a 
secretory agonist (forskolin), the osmotic water permeability coefficient (P(f)) decreasing 
up to 58.8% and net water secretion (J(v)) decreasing up to 87%. A strong correlation 
between AQP1 protein expression and water transport in IBDUs transfected with AQP1- 
siRNAs was consistent with the decrease in water transport by IBDUs resulting from 
AQP1 gene silencing by AQP 1 -siRNAs. This study is the first to demonstrate the 
feasibility of utilizing siRNAs to specifically reduce the expression of AQPs in epithelial 
cells and provides direct evidence of the contribution of AQP 1 to water transport by 
biliary epithelia. 
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Type IV collagenase (M(r) 72,000) expression in human prostate: benign and 
malignant tissue. 

Stearns ME , Wang lVf. 

Department of Pathology, Medical College of Pennsylvania, Philadelphia 19129. 

The expression of type IV collagenase (M(r) 72,000) has been examined in tissues from patients 
with benign prostatic hyperplasia (6 patients) and varying Gleason grades of malignant prostate 
cancer ( 1 8 patients), Immunoperoxidase labeling indicated that expression of the type IV 
collagenase was weak or nonexistent in benign tissue but consistently strong in the glandular and 
ductal epithelial cells of prostate tumors diagnosed at Gleason grades 1-8. In moderate to 
advanced cancer (Le., Gleason grades 2 to 8), invasive tumor foci in the stromal tissue produced 
relatively modest amounts of type IV collagenase. The normal stromal tissue (i.e., fibroblasts) 
uniformly failed to produce detectable levels of type IV collagenase in the 24 patients examined. 
Northern and quantitative slot blot hybridization assays demonstrated that collagenase type IV 
rnRNA levels were low in benign tissue and high in malignant tumors. In contrast, the stromal 
cells did not express significant amounts of type IV collagenase rnRNA. Enzyme-linked 
immunosorbent assays demonstrated that the amounts of type IV collagenase protein correlated 
directly with the rnRNA levels in the tumor tissue. The studies suggest that type TV collagenase 
may be selectively overexpressed by malignant, preinvasive prostatic epithelial cells. 
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The decompensated detrusor III: impact of bladder outlet obstruction on 
sarcoplasmic endoplasmic reticulum protein and gene expression. 

Stein R , Gong C. Hutcheson JC Canning DA , Zderic SA . 

Division of Urology, Children's Hospital of Philadelphia, Philadelphia, Pennsylvania, 
USA- 
PURPOSE: Regulation of calcium ion homeostasis has a significant role in smooth 
muscle contractility. The sarcoplasmic endoplasmic reticulum, calcium^ magnesium, 
adenosine triphosphatase (SERCA) is a regulatory ion pump that may have a role in the 
functional outcome after outlet obstruction^ We investigate what correlation if any existed 
between SERCA protein and gene expression, and the contractile properties in the same 
bladder. MATERIALS AND METHODS: Standardized partial bladder outlet 
obstructions were created in adult New Zealand white rabbits, which were divided into 
control, sham operated and obstructed groups. Muscle strip studies subcategorized the 
obstructed group into compensated (force greater than 50% of control) and 
decompensated (force less than 50% of control). Microsomal membrane and total RNA 
fractions were prepared from the same bladder tissue. Membrane proteins were used for 
. Western blot analysis using a SERCA specific monoclonal antibody, and total RNA was 
assessed with Northern blot analysis. RESULTS: The relative intensities of signals for 
the Western and Northern blots demonstrated a strong correlation between protein and 
gene expression. Furthermore there was a strong association between the loss of SERCA 
messenger RNA and protein expression and loss of bladder function. CONCLUSIONS: 
Bladder contractility after outlet obstruction is influenced in part by smooth muscle cell 
ability to maintain calcium homeostasis via SERCA. The loss of SERCA protein 
expression is mediated by down-regulation in gene expression in the same bladder. These 
data suggest that smooth muscle ion pump gene expression is in part mechanically 
(pressure work) regulated. 
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TNF-alpha and IL-8 arc upregulated in the epidermis of normal human 
skin after UVB exposure: correlation with neutrophil accumulation and E- 
selectiu expression. 

Strickland L Rhodes LE , Flanagan BF, Friedrnann PS . 

Department of Dermatology, University of Liverpool, United Kingdom. 

The in vivo response to ultraviolet B (UVB) radiation in skin is characterized by die 
accumulation of both mononuclear and polymorphonuclear cells within the dermis and an 
induction of vascular endothelial adhesion molecules. Epidermal production of cytokines 
(IL-8 and TNF-alpha) has been strongly implicated in the development of UVB-induced 
inflammation. In the current study, we examined the time course of IL-8 and TNF-alpha 
mRNA and protein expression in the epidermis over a 24-h period after in vivo UVB 
irradiation. Also, the induction of adhesion molecule expression and the accumulation of 
neutrophils within the dermis were followed. We found constitutive expression of both 
cytokines (mRNA and protein) in the epidermis of unirradiated skin. IL-8 was rapidly 
upregulated after irradiation and mRNA and protein increased at 4 h, reaching a 
maximum between 8 and 24 h. TNF-alpha mRNA and protein was rninimally increased 
by 8 h after UVB irradiation and reached a maximum by 24 h. No significant alteration in 
ICAM-I or VCAM-l expression was observed. E-selectin expression, which was absent 
from control samples, was increased from 4 h onward. and also reached a maximum at 24 
h, coinciding with peak neutrophil accumulation. A strong correlation (r = 0.96) was 
found between number of E-selectin-positive vessels and numbers of infiltrating 
neutrophils at this time. Moreover, because E-selectin expression was increased before 
any apparent increase in TNF-alpha protein (4 h), TNF-alpha does not appear to be 
involved in the early induction of the adhesion molecule, but cytokines such as TNF- 
alpha and IL-8 may act subsequently to augment the inflammatory response. 
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Basic fibroblast growth factor expression is increased in human renal 
fibrogenesis and may mediate autocrine fibroblast proliferation. 

SjruteF, Zeisberg M , Hemmerleiii B, Sattler B. Hummel K , Becker V, Muller GA . 

Department of Nephrology and Rheumatology, Georg-Atigust-University Gottingen, 
Germany, fstrutz@gwdg.de 

BACKGROUND: Interstitial fibroblasts play a critical role in renal fibrogenesis, and 
autocrine proliferation of these cells may account for continuous matrix synthesis. Basic 
fibroblast growth factor (FGF-2) is mitogenic for most cells and exerts intracrine, 
autocrine, and paracrine effects on . epithelial and mesenchymal cells. The aims of the 
present studies were to localize and quantitate the expression of FGF-2 in normal and 
pathologic human kidneys and to study the in vitro effects of FGF-2 on proliferation, 
differentiation, and matrix production of isolated cortical kidney fibroblasts. METHODS: 
FGF-2 protein expression was localized by immunofluoresence double labelings in 
normal and fibrotic human kidneys. Subsequently, interstitial FGF-2 labeling was 
determined semiquantitative^ in 8 normal kidneys and 39 kidneys with variable degrees 
of interstitial fibrosis and was correlated with the morphometrically determined 
interstitial cortical volume. In addition, FGF-2 expression was quantitated by immunoblot 
analysis in three normal and six fibrotic kidneys. FGF-2 mRNA was localized by in situ 
hybridizations. Seven primary cortical fibroblast lines were established, and expression of 
FGF-2 and FGF receptor- 1 (FGFR-I) were examined. The effects of FGF-2 on cell 
proliferation were determined by bromodeoxyoridine incorporation and cell counts, those 
on differentiation into myofibroblasts by staining for alpha-smooth muscle actin, and 
those on matrix synthesis by enzyme-linked immunosorbent assay for collagen type 1 and 
fibronectin. Finally, proliferative activity in vivo was evaluated by expression of MJB-1 
(Ki-67 antigen). RESULTS: In normal kidneys, FGF-2 expression was confined to 
glomerular, vascular, and a few tubular as well as interstitial fibroblast-like cells. The 
expression of FGF-2 protein was increased in human kidneys, with tubulointerstitia) 
scarring correlating with the degree of interstitial fibrosis (r = 0.84, P < 0.01 ). 
Immunoblot analyses confirmed a significant increase in FGF-2 protein expression in 
kidneys with interstitial scarring. In situ hybridization studies demonstrated low-leve] 
detection of FGF-2 mRNA in normal kidneys. However, FGF-2 mRNA expression was 
robustly up-regulated in interstitial and tubular cells in end-stage kidneys, indicating that 
these cells are the source of excess FGF-2 protein. Primary cortical fibroblasts express 
FGF-2 and FGFR-1 in vitro. FGF-2 induced n robust growth response in these cells thai 
could be blocked specifically by a neutralizing FGF-2 antibody. Interestingly, the 
addition of the neutralizing antibody alone did reduce basal proliferation up to 31.5%. In 
addition, FGF-2 induced expression of alpha-smooth muscle actin up to 1.6-fold, but no 
significant effect was observed on the synthesis of collagen type 1 and fibronectin. . 
Finally, staining for MJB-1 revealed a good correlation of interstitial FGF-2 positivity 



with interstitial and tubular proliferative activity (r = 0.71, P < 0.01 for interstitial 
proliferation, N = 30). CONCLUSIONS: Interstitial FGF-2 protein and rnRNA 
expression correlate with interstitial scarring. FGF-2 is a strong mitogen for cortical 
kidney fibroblasts and may promote autocrine fibroblast growth. Expression of FGF-2 
correlates with interstitial and tubular proliferation in vivo. 
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Adiposity elevates plasma MCP-1 levels leading to the increased GDI lb- 
positive monocytes in mice. 

Takahashi K. ittizuaraiS . Araki H , Mashiko S, Ishihara A, Kanatani A rtadani H 
Kotani H . ' ' 

Banyu Tsukuba Research Institute in collaboration with Merck Research Laboratories, 
Tsukuba, rbaraki 300-261 1, Japan. 

Obesity is currently considered as an epidemic in the western world, and it represents a 
major risk factor for life- threatening diseases such as heart attack, stroke, diabetes, and 
cancer. Taking advantage of DNA microarray technology, we tried to identify the' 
molecules explaining the relationship between obesity and vascular disorders, comparing 
mRNA expression of about 12,000 genes in white adipose tissue between normal, high 
fat diet-induced obesity (DIO) and d-Trp34 neuropeptide Y-induced obesity in mice. 
Expression of monocyte chemoattractant protein-l (MCP-1) mRNA displayed a 7.2-fold 
increase in obese mice as compared with normal mice, leading to substantially elevated 
MCP-I protein levels in adipocytes. MCP-I levels in plasma were also increased in DIO 
mice, and a strong correlation between plasma MCP-l levels and body weight was 
identified. We also showed that elevated MCP-1 protein levels in plasma increased the 
CDllb-positive monocyte/macrophage population in DIO mice. Furthermore, infusion of 
MCP-1 into lean mice increased the CD1 lb-positive monocyte population without 
inducing changes in body weight. Given the importance of MCP-1 in activation of 
monocytes and subsequent atherosclerotic development, these results suggest a novel role 
of adiposity in the development of vascular disorders. 
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Augmented expression of neuronal nitric oxide synthase in the atria 
parasympathetically decreases heart rate during acute myocardial 
infarction in rats. 

Takimoro Y, Aovama T , Tanaka K Kevanuira R . Yui Y , Sasayama S . 

Department of Cardiovascular Medicine, Graduate School of Medicine, Kyoto 
University, Kyoto, Japan. 

BACKGROUND: Nitric oxide (NO) synthesized within sinoatrial cells recently has been 
shown to participate in the autonomic control of heart rate. We hypothesized that NO. in 
the neuronal cells in the heart was increased and parasympathetically regulated heart rate 
after myocardial infarction (MI). METHODS AND RESULTS: We examined heart rate 
dynamics and neuronal NO synthase (nNOS) expression and activities in the atria of rats 
with MI 1, 3, 7, and 14 days after MI (n=7 to 22 for each group). Both the mRNA levels 
of nNOS in the atria determined by competitive reverse transcriptase-polymerase chain 
reaction and the protein levels determined by Western blotting were significantly 
increased compared with controls 1, 3, and 7 days after ML nNOS activity in the atria 1 
day after infarction was also increased in MI rats. nNOS immunoreactivity was observed 
in nerve fibers in the atria. After infusion of a specific inhibitor of nNOS and iNOS, l-(2- 
trifluoromethylphenyl) imidazole (TRIM) (50 mg/kg. IV), heart rate was significantly 
(P<0.01) increased in MI rats compared with controls I, 3, and 7 days after ML The 
iNOS-specific inhibitor, 1400W (10 mg/kg SC), did not significantly affect the heart rate 
in rats with ML The effect of TRIM was abolished by.pretreatment with L-arginine (25 
mg/kg IV) or by parasympathetic blockade with atropine but not by propranolol. There 
was a strong correlation (r=0.837,'p<0.0001) between the nNOS protein expression and 
heart rate change after TRIM infusion. CONCLUSIONS: These results indicate that 
increased nNOS parasympathetically decreased heart rate via the production of NO in 
rats with acute ML 
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Differential upregulatioii of cellular adhesion molecules a t the sites of 
oxidative stress in experiraental acute pancreatitis. 

Tcfek G, Ducroc R , Scoazcc JY . Pasquicr C , Feldinann G . Roze C . 

INSERM U 410, Universite Pans 7 Denis Diderot, 75870 Paris, Franca 

BACKGROUND; Severe acute pancreatitis (AP)(2) is associated with exaggerated 
leukocyte adherence and activation. Endothelial cellular adhesion molecules (CAMs) can 
be induced by cytokines, but also directly by oxygen free radicals (OFRs), mediated by 
nuclear factor kappa-B (NF-kappa B). We investigated the behavior of inducible CAMs 
in relation to pancreatic oxidative stress. Our novel modification of cerium capture 
histochemistry (reaction of OFRs with cerium produces laser reflective Ce perhydroxide 
precipitates) combined with reflectance confocal laser scanning microscopy (CLSM) 
allows the histological codemonstration of in vivo OFR production and immunolabeled 
CAMs, or NF-kappa B. METHODS: Taurocholate AP was induced in rats; sham 
operated and normal animals served as controls. To achieve in situ, in vivo reaction of 
cerium with OFRs, animals were perfused with CeCl(3) solution at different time points 
(I, 2, 8, 24 h) and then sacrificed; E-selectin, P-selectin, ICAM-1, VCAM, and NF-kappa 
B p65 were labeled by immunofluorescence (IF) on frozen sections of cerium perfused 
pancreata. IF and Ce perhydroxide reflectance were simultaneously detected by CLSM. 
Pancreatic gene expression of the same CAMs was quantified by competitive RT-PCR 
(MIMIC internal control). RESULTS: Control pancreata showed negligible reflectance 
and minimal CAM expression. Early (1, 2 h) AP samples were characterized by intense, 
heterogeneous acinar OFR production, strong P-selectin, and increasing ICAM 
expression, with nuclear translocation of p65, histologically all colocalizing with the 
areas of acinar oxidative stress. Adherent polymorphonuclear leukocytes (PMNs) 
displayed weak OFR formation. Later (8, 24 h), a slowly declining P-seiectin, but 
persisting ICAM-1 expression, was paralleled by widespread adherence of PMNs 
producing surprisingly large amounts of OFRs. VCAM and E-selectin showed a mild 
increase at 24 h. CAM gene activation was in good correlation with the protein 
expression. CONCLUSIONS: The early acinar oxidative stress is coiocalized with NF- 
kappa B activation, preferential P-selectin, and ICAM tipregulation in this AP model. 
Subsequently, adherent, activated PMNs become the major source of OFRs, thereby 
contributing to tissue damage. Copyright 2001 Academic Press. 
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Myotonic dystrophy: an unstable CTG repeat in a protein kinase gene. 
Timchenko L . Monckton DG . Caskey CT . 

Department of Molecular and Human Genetics, Baylor College of Medicine, Texas 
Medical Center, Houston 77030, USA. 

Myotonic dystrophy (DM) is caused by the amplification of CTG repeats in die 3 f 
untranslated region of a gene encoding a protein homologous to serine/threonine protein 
kinases. En DM patients the CTG repeats are extremely unstable, varying in length from 
patient to patient and generally increasing in length in successive generations. There is a 
strong correlation between the size of the repeats and the age of onset and severity of the 
disease. The molecular basis of the effect of the CTG expansion on the development of 
the DM phenotype continues to be investigated. The first working hypothesis of the 
molecular mechanism of DM was a reduction in steady-state myotomn-protein kinase 
(Mt-PK) mRNA and protein levels. However, although the consensus finding is that the 
Mt PK mRNA and protein levels are decreased in DM patients, it is still not clear if this 
reduction leads directly to the DM phenotype. In this short review we discuss the 
molecular aspects of CTG instability and the expression of the myotonin-protein kinase 
gene in normal and DM populations. 
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Induction of class 3 aldehyde dehydrogenase in the mouse hepatoma cell 
line Hepa-1 by various chemicals. 

To rroncn R , Korkalainen IVT . Karctilamni SO . 

Department of Physiology, University of Kuopio, Finland. 

The mouse hepatoma cell line Hepa- 1 was shown to express an aldehyde dehydrogenase 
(ALDH) isozyme which was inducible byTCDD and carcinogenic polycyclic aromatic 
hydrocarbons. The induced activity could be detected with benzaldehyde as substrate and 
NADP as cofactor (B/NADP ALDH). As compared with rat liver and hepatoma cell 
hnes, the response was moderate (maximally 5-fold). There was an apparent correlation 
between tins specific form of ALDH and aryl hydrocarbon hydroxylase (AHH) in the 
Hepa-1 wild-type cell line-in terms of inducibility by several chemicals. However the 
magnitude of the response was clearly smaller for ALDH than for AHH. Southern olot 
analysis showed that a homologous gene (class 3 ALDH) was present in the rat and 
mouse genome. The gene was also expressed in Hepa- 1 . and there was a good correlation 
between the increase of class 3 ALDH-specific mRNA and B/NADP ALDH enzyme 
activity after exposure of the Hepa-1 cells to TCDD. It is concluded that class 3 ALDH is 
inducible by certain chemicals in the mouse hepatoma cell line, although the respective 
enzyme is not inducible in mouse liver in vivo. 
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Relationship between cyclin Dl and p2I(Wafl/Cipl) during differentiation 
of human myeloid leukemia cell lines. 

Ullmannova V . Stockbauer P , Hradcova M . Soucek J , Haskovcc C . 

Department of Molecular Genetics, Institute of Hematology and Blood Transfusion, U 
Nemocnice I, 128 20 Prague 2, Czech Republic, ullman@ulikt.cz 

Expression of cell cycle-regulating genes was studied in human myeloid leukemia cell 
lines ML-1 , ML-2 and ML-3 during induction of differentiation in vitro. 
Myelomonocytic differentiation was induced by phorbol ester (12-o-Tetradecanoyl- 
phorbol-13-acetate, TP A), tumor necrosis factor alpha (TNFalpha) or interferon gamma 
(rNFgamma), or their combination. Differentiation (with the exception of TNFalpha 
alone) was accompanied by inhibition of DNA synthesis and cell cycle arrest. Inhibition 
of proliferation was associated with a decrease in the expression of cdc25A and cdc25B, 
cdk6 and Ki-67 genes, and with increased p21(Wafl/Cipl) gene expression, as measured 
by comparative RT-PCR. Expression of the following genes was not changed after 
induction of differentiation: cyclin Al, cyclin D3, cyclin El and p27(Kipl). Surprisingly, 
cyclin Dl expression was upregulated after induction by TPA, TNFalpha with 
IFNgamma or BA. Cyclin D2 was upregulated only after induction by B A. The results of 
the expression of the tested genes obtained by comparative RT-PCR were confirmed by 
quantitative real-time (RQ) RT-PCR and Western blotting. Quantitative RT-PCR showed 
as much as a 288-fold increase of cyclin Dl specific mRNA after a 24h induction by 
TPA. The upregulation of cyclin Dl in differentiating cells seems to be compensated by 
the upregulation of p21(wafl/Cipl).These results, besides others, point to a strong 
correlation between the expression of cyclin Dl and p21(Wafl/Cipl j on the one hand 
and differentiation on the other hand in human myeloid leukemic cells and reflect a rather 
complicated network regulating proliferation and differentiation of leukemic cells. 
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Intestinal carbamoyl phosphate synthase I in human and rat Expression 
during development shows species differences and mosaic expression in 
duodenum of both species. 

Van Beers EH, Rings .EH . Posthuma G . Dingemanse MA. Taminiau JA , Hermans 
HS, Emerhand AW . Butler HA . Dckker J . 

Pediatric Gastroenterology and Nutrition, Department Pediatrics, Emma Children's 
Hospital, Academic Medical Center, Amsterdam, The Netherlands. 

The clinical importance of carbamoyl phosphate synthase I (CPSI) relates to its capacity 
to metabolize ammonia, because CPSI deficiencies cause lethal serum ammonia levels. 
Although some metabolic parameters concerning liver and intestinal CPSI have been 
reported, the extent to which enterocytes contribute to ammonia conversion remains 
unclear without a detailed description of its developmental and spatial expression 
patterns. Therefore, we determined the patterns of enterocytic CPSI mRNA and protein 
expression in human and rat intestine during embryonic and postnatal development, using 
in situ hybridization and irrununohistochemistry. CPSI protein appeared during human 
embryogenesis.in liver at 3 1-35 e. d. (embryonic days) before intestine (59 e.d), whereas 
in rat CPSI detection in intestine (at 16 e.d.) preceded liver (20 e.d.). During alt stages of 
development there was a good correlation between the expression of CPSI protein and 
mRNA in the intestinal epithelium. Strikingly, duodenal enterocytes in both species 
exhibited mosaic CPSI protein expression despite uniform CPSI mRNA expression in the 
epithelium and the presence of functional mitochondria in all epithelial cells. Unlike rat, 
CPSI in human embryos was expressed in liver before intestine. Although CPSI was" 
primarily regulated at the transcriptional level; CPSI protein appeared mosaic in the 
duodenum of both species, possibly due to post-transcriptional regulation. 
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Expression of deoxycytidine kinase in leukaemic cells compared with solid 
tumour cell lines, liver metastases and normal liver. 

van tier WiltCL, Kroep JR . Loves WJ . RotsMG; Van Groenineen C.I Kaspers GJ 
reters GJ. ' 



Department of Medical Oncology, VU University Medical Center, Amsterdam, The 
Netherlands. 

Deoxycytidine kinase (dCK) is required for the phosphorylation of several 
deoxyribonucleoside analogues that are widely employed as chemotherapeutic agents. 
Examples include cytosine arabinoside (Ara-C) arid 2 -chlorodeoxy adenosine (CdA) in 
the treatment of acute myeloid leukaemia (AML) and gemcitabine to treat solid tumours. 
In this study, expression of dCK mRNA was measured by a competitive template reverse 
transcriptase polymerase chain reaction (CT RT-PCR) in seven cell lines of different 
histological origin, 16 childhood and adult AML samples, iO human liver samples and 1 1 
human liver metastases of colorectal cancer origin. The enzyme activity and protein 
expression levels of dCK in the cell lines were closely related to the mRNA expression 
. levels (r=0.75, P=0.026 and r=0.86, P=0.007). In AML samples, dCK mRNA expression 
ranged from 1 .16 to 35.25 (x 1 0(-3)xdCK/beta-actin). In the cell line panel, the range was 
2.97-56.9 (x 10(-3)xdCK7beta-actin) of dCK mRNA expression. The enzyme activity in 
liver metastases was correlated to dCK mRNA expression (r=0.497, P=0.05). In the liver 
samples, these were not correlated. dCK mRNA expression showed only a 36- fold range 
in liver while a 1 50-fold range was observed in the liver metastases. In addition, dCK 
activity and mean mRNA levels were 2.5-fold. higher in the metastases than in the liver 
samples. Since dCK is associated with the sensitivity to deoxynucleoside analogues and 
because of the good correlation between the different dCK measurements in malignant 
cells and tumours, the CT-RT PCR assay will be useful in the selection.of patients that 
can be treated with deoxycytidine analogues. 
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Expression of cytokines and growth factors in human 
glomerulonephritides. 

Waldherr R, Noronha IL , Niemir Z, Kruger C , Stein H. Stumiri G 
Department of Pathology, University of Heidelberg, Germany- 
Numerous experimental studies point to the potential role of cytokines and growth factors 
in the pathogenesis of renal disease. However, from the various autocrine and paracrine 
mediators identified in vitro and in animal models, so far only a few have been 
demonstrated in selected human glomerulopathies. We examined two types of 
glomerulonephritis (GN): extracapillary GN with anti-neutrophil cytoplasmic 
autoantibodies (ANCA), an example of an acute form of GN, and mesangial IgA GN, 
usually a chronic form of GN, with immunocytochemistry, in situ hybridization and the 
polymerase chain reaction. Normal renal tissue from tumour nephrectomies served as a 
control. In ANCA-positive GN with active renal lesions (crescents, glomerular and 
vascular necrosis), infiltrating mononuclear cells in glomeruli and in the interstitium 
expressed interleukin (IL)-1 beta, tumour necrosis factor (TNF)-alpha, IL-2, interferon 
(IFN)-gamma, platelet-derived growth factor (PDGF) and transforming growth factor 
(TGF)-beta. Cytokine expression was also observed in activated resident cells, including ■ 
endothelial cells, capsular epithelial cells, smooth muscle cells of vessel walls,' fibroblasts 
and some tubular epithelial cells. In addition, we noted an increase in the cytokine and 
growth factor receptors TNF-R, IL-1R type II, IL-2R, IFN-gamma R and PDGF beta-R^ 
In contrast, in mesangial IgA-GN, IL-i beta, TNF-alpha, IFN-gamma and IL-2 were 
usually absent in glomeruli. Mesangial expansion in this disorder was accompanied by an 
increased expression of PDGF, PDGF beta-R, TGF-beta and IL-6 in mesangial areas. In 
both conditions a good correlation was observed between cytokine expression at the 
mRNA (in situ hybridization) and protein level (immunocytochemistry).(ABSTRACT 
TRUNCATED AT 250 WORDS) 
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Malignant trausformatiou of the human endometrium is associated with 
overexpression of lactoferrin messenger RNA and protein. 

Walmcr PK, Padin CJ , Wrona MA . Healv BE. Bentley RC Tsao MS . Kohlcr MF . 
McLachlan JA . Gray KB . 

Department of Obstetrics and Gynecology, Duke University Medical Center, Durham 
North Carolina 27710. , ' 

In the mouse uterus, lactoferrin is a major estrogen-inducible uterine secretory protein, 
and its expression correlates directly with the period of peak epithelial cell proliferation. 
In this study, we examine the expression of lactoferrin mRNA and protein in human 
endometrium, endometrial hyperplasias, and adenocarcinomas using 
immunohistochemistry, Western urununoblotting, and Northern and in situ RNA 
hybridization techniques. Our results reveal that lactoferrin is expressed in normal 
cycling endometrium by a restricted number of glandular epithelial cells located deep in 
the zona basalis. Two thirds (8 of 12) of the endometrial adenocarcinomas examined 
overexpress lactoferrin. This tumor-associated increase in lactoferrin expression includes 
an elevation in the mRNA and protein of individual cells and an increase in the number 
of cells expressing the protein. In comparison, only 1 of the 10 endometrial hyperplasia 
specimens examined demonstrates an increase in lactoferrin. We also observe distinct 
cytoplasmic and nuclear immunostaining patterns under different fixation conditions in 
both normal and malignant epithelial cells, similar to those previously reported, in the . 
mouse reproductive tract. Serial sections of malignant specimens show a good correlation 
between the localization of lactoferrin mRNA and protein in individual epithelial cells by 
in situ RNA hybridization and immunohistochemistry. Although the degree of lactoferrin 
expression in the adenocarcinomas did not correlate with the tumor stage, grade, or depth 
of invasion in these 1 2 patients, there was a striking inverse correlation between the 
presence of progesterone receptors and lactoferrin in all 8 lactoferrin-positive. 
adenocarcinomas. In summary, lactoferrin is expressed in a region of normal 
endometrium known as the zona basalis which is not shed with menstruation and is 
frequently overexpressed by progesterone receptor-negative cells in endometrial 
adenocarcinomas. 
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Malignant Transform a don of the Hiunan Endometrium Is Associated with 
Overexpression of Lactoferrin Messenger RNA and Protein 
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Matthevr F* KohJer, John A. McLachlan, and Karen D. Gray 

Department of Obuc tries and Gynecology, LhJU University Medical Center. Durham. North Caroline 277J0 (D. JL JC, A E- H, M~ X.); Department of Obstetrics a»J 
Gynecology, Vnhtrjiry cf Michigan. Ann Arbor. Michigan 46)09 /C X Pj; School cf Medicine, Imversity of Maryland, BoUmore. Morylond 2)201 \M. A. W.}; Department tf 
Pathology. Duke University Medical Center. Durham. North Carolina 277)0 fZ C B.f; Department of Pathology, Montreal General Hospital Montreal Quebec, Canada 
H3G1A4 JM-X T.f; Laboratory of Reproductive and Development Toxicology. National Jnjtitutc of Environmental Health Sciences, Research Triangle pork. North Caroline 
27709 fj. A. M.); ami Department of Obutmcs and Gynecology. Un formed Services University of the Beohh Sciences, Bethesdc. Maryland 208)4-7799 /Jt D. G.) 



ABSTRACT 

■ * • In the mouse uterus, lactofe rrin is a major eslrogen-inducible uterine 
secretory protein, and its expression correlates directly wilb ibe period of 
peak epithelial ctll proliferation. In this study, we tiamint the expression 
' of )acl oft rrin mRNA and protein in human endometrium, endometrial 
" hyperplasias, and adenocarcinomas using immun ©histochemistry, West- 
em immunobloltinc, and NoHbem and in situ RNA hybridisation lech- 
niqnes. Our results reveal that lactoferrin is expressed in norma) cycling 
endometrium by a restricted number of glandular epithelial cells located 
deep in the iodb basalis. Two thirds (8 of 12) of the endometrial adeno- 
carcinomas examined over txpress lactoferrin. This tumor- associated in- . 
crease in lactoferrin expression includes an elevation in the mRNA and 
.protein of individual cells and an increase In the number of cells express- 
ing the protein. In comparison, only 1 of Ibe 10 endometrial hyperplasia 
specimens examined demonstrates an increase in bctoferrin. We also 
observe distinct cytoplasmic and nudeaj immunostaJning patterns under 
different fixation conditions in both normal and malignant epithelial cells, 
similar to those previously reported in the mouse reproductive tract 
Serial sections of malignant specimens sbov* » good correlation between 
the localization of lactoferrin mRNA and protein in individual epithelial 
cells by in situ RNA hybridization and immunohisiocbeinislry* Although 
the degree of lacluferrin expression in the adenocarcinomas did Dot 
correlate with ibe tumor stage, grade, or depth of inrasion in these J2 
patients, there was a striking inverse correlation between the presence of 
progesterone receptors and lactoferrin in all 8 Ian of errin- positive odeno- 
carcinomas. In summary, laeiof errin is expressed in a region of normal 
endometrium known as the zona basalis which Is not shed with menstru- 
ation and is frequently oyrr expressed by progesterone receptor-negative 
cells in endometrial adenocarcinomas. 



INTRODUCTION 

The uterus is a sea stejoid- responsive organ that plays a major /ole 
in women's health. Hysterectomies were the most frequently per- 
formed majoi suigica) piocedures in a 20-year study interval 
(1965-1984; Kef. 1). Fifty-eight to 80% of ibese 12-5 roillioD 
procedures were perfoimed foi estrogen-related disoiders of piolifer- 
afion. Cluonic unopposed ejuogen exposure, roost comiBODly asso- 
ciated with type 1J ovulatory disordejs, eventually leads to the devel- 
opment of complex endometrial hyperplasia and adenocarcinoma. 
Since ibe sex steroids, eshogen and progesterone, act on their target 
tissues by jegulating the expression of a wide variety of signaling 
rbolecuJes. identifying these itgulatory factors will provide critical 
information towards undei standing normal reproduction and repro- 
ductive tract pathology. Our anient knowledge of estiogen and pio- 
gcsicroDe action on the reproductive tract is based to a great extent on 
information collected from rodents (2). Although differences exist 
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betwccD the reprodoclive physiology of rodents and humans, the 
mouse has been a useful model for studying steroid hormone action in 
the human female reproductive, tract (3, 4). One potential regulatory 
molecule shown to be regulated by estrogen in the mouse reproductive 
tract is bcto/errio. lactoferrin is a basic glycoprotein with an extraoj. 
dmarily high affinity fen iron that was originally discovered in null. 
This protein is expressed in a wide variety of tissues, roost notably in 
polymorphonuclear leukocytes and. roost mammalian exocrine glan- 
dular secretions. In the mammary gland (5) and the female reproduc- 
tive tract of the mouse (6-8), laciofenin is regulated by endocrine 
hormones. Prolactin stimulates lactoferrin synthesis in the. breast; 
whereas in the uterus and vagina, the ovarian sex steroid, 170- 
estradiol, is the inducer. (6, 7, 9). To date, lactoferrin is one of the few 
genes that have been identified in the rodent that are dnectly regulated 
by estradiol. The lacloferriD gene contains an ERE 3 that is important 
for. regulating its expression in vivo in the mouse reproductive tract 
Being linked to estradiol, the expression of lactoferrin by the uterine 
epithelium pajaflels the onset of DNA synthesis. Although sequencing 
information suggests that the human lactoferrin gene also contains a 
functional imperfect ERE in the 5'-flanJring promoter region (10, 11), 
there is very b'ttle data regBiding lactoferrin expression in the human 
female reproductive tract; 

The purpose of ouj study was to examine the expression of lacto- 
ferrin in the human endoroeuium under normal and pathological 
conditions by irnmuDohistocheroistry, immunoblotting, and Northern 
and in situ RNA hybridization techniques. In addition, we looked for 
con clarions between lactoferrin expression and several parameters, 
such as the stage of the menstrual cycle, the distribution of estrogen 
and progesterone jeccptors, HER-2/new expression, markers of cell 
proliferation, and the histopathologicaJ grade and exieDt of myome- 
trial invasion in the adenocarcinomas. Our data demonstrates that 
lactoferrin is expressed in a very jes trie ted Dumbei of glands iu the 
basal region of norma] human endometrium and is markedly ovciex- 
pressed in a significant number of the uterine adenoraicinoinas by 
PR-negative cells. 



MATERIALS AND METHODS 

Tissue Preparation Dnd Histological Evaluation. Surgical pathology 
specimens wcic obtained fjom Duke University Medical Ccwiej (Durham, NQ 
and ibe Department of Pathology at Mod Deal General Hospital (OuebtC 
Mont) Co I. Ciusda). Cycling endenjetjium was obtained f.'on) 22 women (age* 
31-49), and auophic endometrium was obtained bom 7 postmcnopaus' 1 
women (ag^s 64 -77). Hystejtciomiej from cycling womtu weit performed 
for sobscjosal leiomyomas (n = 6). pelvic it taxation (n ~ 6), pelvic pain 
(;t = 4), peritoneal endometriosis (n = 2), aod cancer ol cidtt? ihc eaocero* 
|n - 1) or the ovary (/i ~ ]). In itldition, J? adtnocaict nomas, 5 try pic al 
complex byperpl arias, 5 complex hypcrptasiai without atypia, and 4 simple 
hyperplasia weu analysed. Esch human uterus was bivaJvrd iborily afto 
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hysterectomy, and endometrium was removed from tbc fopdal region. A full 
tbk)o>css biopsy was placed into either 10% neutral-buffered formalin or 
powVs solution overnight at room temperature before dehydration* paraffin 
embedding, and secbowng at 4 /un on silanized slides. Histological evalua- 
tions of hematoxylin and twin-stained slides were performed blindly by one 
board-certified pathologist Normal endometrial samples were dated by the 
criteria of Noyes ti oL (32). Endometrial hyperplasias and carcinomas were 
classified according to the cunent recommendations, of the International 
Society of Gynecological Pathologists under the auspices of WHO (13). 
>jistological grading of tumors was performed according to Federation Inter- 
nationale des Gynccologistes et Obsietrisies criteria (14). Each specimen was 
. jcad a minimum of three times, and only specimens thai were read consistently 
ij»c same way were included in the study. Unstained sections of the same 
tissues were used foi the cytochemical analysis of protein and roRNA expres- 
sion using specific reagents. A few endometrial samples were frozen for 
subsequent protein and RNA extraction, which were evaluated by Western and 
Northern blotting, respectively. A3) human tissues were handled with the 
precautions and the guidelines required by Dulce University and National 
Institute of Eavijonmenla) Heahh Sciences. 

ImmunolocnHiatioiu Slides chosen for study woe deparaffinized and 
rinsed in 20% glacial acetic add at 4"Cfoi 15 sto inhibit endogenous alkaline 
phosphatase. AD subsequent incubations and washes were at room lempera- 
hi/t . Sections were next equilibrated m PBS for 20 min and incubated for 20 
nun with J 5% normal goal serum dDuted in PBS to block nonspecific binding. 
Detection of lactofcmn was performed primarily with a rabbit anti-human 
lactofenin polyclonal antisera generated in our laboiatory and affinity purified. 
Similar results weie also seen with a non affinity -purified commercial antisera 
(Bioscnti, San Ramon, Ca). Following incubation at room temperature with 
primary antisera for 60 min, the seciions were washed in PBS twice for 10 min 
each, and lactofenin was localized using an alkaline phosphatase-bibtm- 
soeptavidin deicciion system (Vectastain ABC-AP kit: Vtcior Laboratories, 
Burlingame, CA; or the Super Sensitive Dc lea ion System: Biogenex, San 
Ramon, CA). To identify nonspecific staining, pre immune rabbit serum was 
used in place of ibe prim aiy antibody. The immimor taction was quant it at ed by 
determining ihc percentage of glands and ihe percentage of cells staining for 
• taciofcniD in the 2on» basalis and ihc aona hinciionahs, with a minimum of 
300 cells counted in each region. PR antibody was ptovided by Geoffrey 
Greene (KD66), and a commercial source, was also used (Biogenex, San 
Ramon. CA). Identical staining patterns weie confirmed with both piepara- 
tjons. Othci commercially obtained amiiera include PCNA (Biogenex, San 
Ramon, CA), ER (EJOD5; AMAC, Westbiook, Ma), M1B-J (AMAC), and 
HER-2/neu (Biojrcnex, Sau Ramon, CA). The primary an riser a incubations 
were 2 b for the PR, J b f or PCNA. M1B-1. and ER, Bnd 30 min for 
HER-2/nru. Aotiscja dilutions were ):)00foi M1BO and 1:20 (or HER-2/new. 
Aniigen retrieval (Biogenex, Sail Ramon, CA) was performed before adding 
Ihe progesterone primary antisera. 

Western Biol Analysis. Proteins wtit exn acted bora endometrial biopsies 
by homogenize tion on ice in J% Triibn-X and 20 dim Tris-HO (pH 7.4) with 
proiease mhibilois ()0 pgftnl leupcpim. 200 KU/ml aprobnin, and 20 Mg/ml 
phenyliDctbylsuljonyl D u or ide) and clarified by centrifugal ion ai 45,000 rpm 
for 30 min in a Beckroan 70.) Ti ioioj: then the supernatant w?s analysed for 
protein coDceni ration by tbe BCA protein assay (Pierce, Rockford, 1L). Ali- 
quois of 200 jjg wert separated by elecrrophoresis on an S.5% SDS polyac- 
rjlaxnide gel, blotted onto niiroceDulosc membranes, incubated with poly- 
clonal rabbil antihuman Iscioferiin aniisera, and localized wilh an n *l- labeled 
donkej anri-i&bbii immunoglobulin, i; described previously (7). 

In Situ Hybridiajtion. AH slides were pre treated wilh 0J2 N HQ for 30 
min at room temperature, diecsred with 3 pg/ml proreinasc-K (Sigma Chem- 
ical Co., Si. Lours. MO) ~u> 0. j m Tris-HCJ (pK 7.3V G. 05 m EDTA >ov J 5 mir. 
21 37'C, and then treated witb 0.1 M tjietbanolaniiue-0.25% actiic snhydridc 
for 5 min at room temperature and 0.) m Trii-glvcinc (pH 7.4) for 30 miD at 
loom temperature. The sections were iubsequrntly dehydrated with graded 
f h?nol f art dried, and pie hybridized ai MTC /or 1 b in 2 x SSC. 10 dim DTT, 
- > Dtnhajdt'; joJuiiun, J 00 u;/ml ot both salmon ipeiro DNA and >cast 
and ^0% forcnamide (J 5). The slide j weir then hybridized overnight af 
^0*C in the same medium «.»ib tOt do nan suUste and 2 X 10" cpin-">^ of ihc 
sprcific RNA probe. The lactofcrriu oligonucleotide probe was atnplifrcd by 
1*CR u;inf primers thai < panned n in. It oi'idt s 7lS-J/>54 (]0) and cloned into 
pC.fcM.u7. "S-latK-ltd senie and inii:,tnsr RNA piobt j wire msde -wiib tbe 
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Promega JUboprobe kit (Promega, Madison. Wi). washed twice in 1 X SSC for 
10 min ai room temperature, digested with RNase [Z8 >g/m! RNasoA, 03 
M g7ro) RNase-Tl, 10 rnn Tris IhO (pH 7.4% and 15 mM NaOJ, and washed 
again with J X SSC twice for 20 min each tiro e at 50"C. twice for 20 in 
OJ X SSC at 55*C and cmct foi 20 min al 6(TC Tbe scdions were then 
dehydrated and dipped- in Kodat autoradiographic anulsion (NTB-2) for 
detection ofspcdijc mRNA expression. Tbe slides were allowed to develop for 
2 weeks. After this period, the slides were developed using Kodak V19 
developer and Kodak Rapid Fixer. 

Nortbe™ RNA Analysis. Total cellular RNA was purified from frooeo 
tissue by the guanidine JsomiocyaDate-cesiuiD chloride method, and poly(A"> 
RNA was isolated by oJigo(d*J>ceIlulose chromatography using methods 
described previously (J5> For Northern blot analysis. poly(A*>RNA*was 
icsofved by electrophoresis on 13% formaldehyde agarose gels, stained wilh 
ethidium bronude, and transferred to a nylon membrane. Tbe membrane was 
probed with a ^P-labeJed lactofenin cDNA derived from human uterus {nu- 
cleotides 718-1654; accession no. S52659) using PCR techniques, followed 
bv cloning into pGEhMZ (Promega, Madison, WI). Id order to insure thM the. 
quality and quantity of RNA analyzed by Northern blotting was equivalent 
between control and Heated groups, the blot was probed simultaneously for 
gJyceraldebyde-3-phosphate dehydrogenase, 

. Statistical Analysis. Values are presented as means ± S». Piffexences 
between the zona basalis and ftmclionalis were tested by the two-tailed 
Student's / tesL * 

RESULTS 

Immunohislochemical Analysis of LnctofenriB Protein 

Norma) Cycling Endorotlriuin. ImjnuDohistocberoical studies of 
Dormal cycling human endometrium localize lactofenin protein pre- 
dominantly to ibe glandular epithelium deep in the zona basalis and 
not to the functionalis (Pig, L4). The association of lactofenin protein 
expression with the zona basalis is statisp'cally significant, (f* < 0.001; 
Fig. 2). Two to 56% of the glands express lactofenin at any given tirnc 
during tbc menstrual cycle. ^vVithin positive glands, lactofenin protein 
immunolocaJization is heterogeneous in that positively staining epi- 
thelial cells are interspersed with cells negative for lactofcmn expres- 
sion. No appaicDt differences in morphology, PCNA, ER, or PR 
expression ate seen to account for the heterogeneous pal ten) of intra T 
and inteigland lactofenin expression in normal endometrium. Similar 
to our previous findings in mouse uterine epithelial cells, the positive- 
siaining glandular cells of the human endometrium o^monsuate two 
distinct immunostaining patterns for lactofenin, cyioplasmic and nu- 
clear {Fig. 1B\ seen with both foimaJin and BourVs fixation. )n 
evaluating the lempoial expression of lactofenin, there is a trend 
towards more glands expressing lactofenin during the secretory 
phase. Because oJ the large variance, tbe trend is not statistically 
significant. As expected, the polymorphonuclear leukocytes in the 
endometrium also stain intensely for lactofenin protein, which is 
stored in their secondary gianules (Fig. 3). These results demonstrate, 
for tbe first time, thai lactoferrin protein is expressed in tbe human 
endometrium predominately by polymorphonuclear leukocytes and 
epithelial cells of glands located deep in the zona basalis. 

Proliferative Endometrial Disorders: Hyperplasias and Adeno- 
carcinomas, lrnnitmohistochemisiry reveals that the expression of 
lar rof rjrin pmtrSjy is inor^rd in 66. 6% (8 nf 32) of thr. endometrial 
adenocarcinomas examined, in one- half of these cases (4 of 12), 
lactofeniD is intensely expressed by malignant epithelial cells 
ihiouEbout the entire tumors (Fig. 4). The othei four adenocarcinomas 
demonstrate increased Mainins lor lactofctrin in concentrated regions 
ot the turno;s. In aJI eigbt ca^es where lactofenin cxpte-SMon^s 
elevated, the cells expicssirig lsctofeirin have oik similarity witb 
normal positive sjands in that they demonstrate heterogeneous stain- 
ing of inlenpeiied positive and negative cells. Mowcvei, the expres- 
sion ot iacioJcnin by the .malignant cell- ck-a;ly differ- ft oni normal 
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Fig. J. LocaHialion of ladoftnia protein in normal "cycling endometrium by immv- 
" nohisiochemtsDy nsing a specific polyclonal antibody. Our analysis reveals thai bciof- 
■ crrio protein is p/tienlin » limit ed number of glands located m the 2ona basalis of tbc 
ciutDmcbiuro MJt * *0- Also, now that Jacurfcms b heterogeneous wiitin positive 
glands, i*., txjls siaioinj for bctoltnin we intcnpeisrd with neg«ivc-M»ining epilbtlieJ 
cells ihroaghoul iht stand. Two intmunohi'tothcmicaJ sujning patterns arc noted loi 
I»ctofcrrin in norma) uterine tpithdhim. In one pattern, Jsctofcrrin prottin is imrounolo- 
C2)ued primanty cn>n ihe cytoplasm {Bi\ and in tbc oibti, the ittining is kcd ovti the 
nudens (B2)r, X 40. 

positive glands in that tbc lactoferrin is not limited to tbc basa) regions 
of tbc tumors, man) more ccOs are positive, and tbc relative intensity 
of Ihe staining over individuals celJs is inaeased- Although increased 
Jactofenin expression is associated with malignant transform at ion, we 
do not find 3 con elation between laciofenin proleih presence and ihe 
stage, nuclear, gi a de, Federation Internationale des Gynecol ogistes ei 
Obsietristes grade, or tbe depth of my ome trial invasion in ihe 32 
minors studied (Tabic J). In sharp contrast lo the common dy 5 regu- 
lation of lactoferrin expression found in tbe malignant endometrium, 
only 3 of 10 endometrial hyperplasia specimens evaluated contained 
an inci eased number of cells staining for lacloferrin. The hyperplastic 
specimen over expressing lacloferrin was read as complex wilhout 
arypia. 

in Siru and Northern Analyses of La ct of err in mRNA 
Expression in Normal and Malignant Endometrium 

To fitnhci Our uixieisranding of she location cf lacloferrin protein 
synthesis in the human endometrium, we examined lacloferrin mRNA 
expression by in siiu and Northern bybridt2aiion using specific 33 S- 
Jabeled piobes foi human laclolerrin. No delectable RNA hybridiza- 
tion is observed in the normal endometrium by in jr'm hybridization, 
even in the pjesence of iromu n ode tec table protein, usins equivalent 
byb))di2vtiion conditions and development limes as used for the ade- 
nocarcinomas. Consilient with ihr jesuhs obtained by in situ hybrid- 
i?. a I ion. long e^posuic times weie. icquiied to demonstrate laciofenin 
r.iKNA in nonnaj endometrium by Noil/inn blot nrin<; po)y(A~*)- 
mRNA. This indicates thai laciofciiin rnK NA is ptesrnt in* normal 
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tissue but in very low levels, consistent with tbe very limited pattern 
of protein expression to normal endometrium. Equivalent RNA load- 
ing and quality for each specimen was demonstrated by etbidiutn 
bromide staining of the RNA gels (data not shown) and by probing for 
ihe housekeeping gene glyceraldebydeo-phosphate dehydrogenase 
that does not fluctuate significantly with tbe metabolic state of the 
tissue. A representative Northern Wot is shewn to Fig. 5. In situ 
hybridization with several adenocaicinomas reveals that there is a 
direct correlation between the localization of lactoferrin mRNA and 
the immunostaining of expressed Jactoferrin protein (Pig. 4). Lactof- 
errin mRNA is not associated with polymorphonuclear leukocytes by 
in situ hybridization in either normal or malignant tissue. - 

Western Blot Analysis 

To confirm the specificity of tbe antisera that we used for immo- 
nonjstocftcroi'stry, we performed Western blot ajja/ysis on profcins 
exUacted from both norma) and malignant endometrium which were 
sepaiaied by 8.5% SDS-polyacrylaraide ge) electrophoresis (Fig, 6), 
Iromonobloning identified a single broad protein band with a molec- 
ular weight between 70,000-80,000 in both normal and neoplastic 
endometrial tissue bomogenates, consistent with the reported molec- 
ular weight of human Jactofenin. Supporting tbe inm3unocytocrxro> 
cal analysis, a representative imrounoblot clearly demonstrates; that 
tbe proportion of protein that is laciofenin is markedly increased to 
i be adenocarcinomas in comparison to the normal endometrium. Tbt 
molecular weight of lacloferrin in the adenocarcinomas appears to 
have a slightly higher molecular weight thai the predominant form in 
normal tissue. 
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Fig. 1. Pcicenwjc of tndnmtimt rlamtj oprtiiing laaoJerriB piotein by imDiunO 
hisiocheroiMrv. 51f mfionUy mc-»e ;Jindi zic positive m the jrpon of it* 7t>i»a basjlii 
than in tht 2on» hrtmionalis of ibr endwnttinJTH \F * 0.001). ?-<*>»i b»salb, H; 
IvnoioMlis. E3 Atlhoi'f> rl)rif ^ i uc D(i lowaidi mcf< ot it>c baistis r lands trp"«v* n E 
latirftnjn in ih< ;fOf*or> pl»aif t<Htit B t nmpj/td ^ ith iht )cfr 't'is no * 
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Fij. 3. Po)yiDorphonuc)c»f leucocytes (o^rcrwj) art scancicd throughout ihe emiomt.- 
ttiwm and stiin initnsely loi briofcmn. L»cloJtJiin jj » known component of tbc 
secondajy gianutcj in pol/rooiphonuclti; leukocyte*. Tbe presence af a St gxnc/iitd 
nucleus and bciofemn pioicin is to txcxUzM method for identifying this poop of 
roDsmmstorf cells. A. X 20. B, X BO. 



Correlation of Lactoferrin Expression with thr Expression o/ 
PCNA, Ki-67, ItER-2/nru, ER, and PR 

Id an attempt lo characterize the phenotype of endometrial cells 
which express lactoferrin, we pejforroed irorounohistocberoistry on 
stria! sections foi the Ki-67 antigen, PCNA, HER-2/nru, Jactofenin, 
ER, and PR. In norma) lis sue, Ki-67 and PCNA expression aie cell 
cycle -specific majker* of cell proliferation (16, 37). Upon analysis of 
normal cycling endometrium, no jelationship between lactofeii in pro- 
tein expiession and ER, PR, or Ki-67 expiession was observed. 
Similarly, in roost of the adenocarcinomas evaluated, no relationship 
*as noted between lanoferriD and PCNA pjotein expression. How- 
* v ei, in one adenocarcinoma (Fig. 7), thtTe was a clear inverse 
relations hip seen between Jactofenin and PCNA localization, which 
was present throughout the entire tumor. Mosl dramatic, however, was 
3 striking inverse conrlaiion seen between lacioferrin and PR expres- 
sion in 8 of 8 PR-pnsitivt uterine adenocarcinomas (r)g. 7). Two 
tumors negative for PR also did not express lactojerrin. AJihougb an 
inverse conelauon W2S also surges led .wiih HEK-Z'neu and PR, (he 
ibvcise contteliou was more precise with lacioferrin in these tuinois. 

DISCUSS) ON 

In the mouse uterus, bcrofemn is an esuopen-indoced uterine 
secretory pioicin thai is pie sent throughout the epithelium (7), and it 
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is expressed concomitantly with epithelial cell proliferation, lb con- 
trast to hctoforrnTs ubiquitous expression id the estrogenized moose 
uterine epithelitim, Jactofenin protein is limited lo glandular epithelial 
cells in the basal regions of Dorroal human endometrium and usually 
to glands that were directly, adjacent to the myometrium the ' 
deepest glands of the zona bosalis). This regional localization of 
lactoferrin . expression is not surprising in that other biocberoica) 
parameters have been reported to show site specificity in primate 
endometrium. These parameters include the proliferative index and 
tbe expression of the secretory component of IgA (18). Similar to. our 
observations in the endometrium, Jactoferrin is also expressed region- 
ally in the mammary gland. In bovine bieast tissue, lactoferrin is 
localized primarily to the basal alveolar cells (19); whereas in human 
breast tissue, the ductal epithelium appears lo be tbe primary source of 
secreted lactofenin during Jactation (20). 

Examining the endometrium on different days of .tbe menstrual 
cycle demonstrates a trend towards increased lactoferrin expression 
during tbe luteal phase. Although this data is not statistically signif- 
icant, the cyclic variation may be biologically relevant. Kim ct aL (21) 
recently reported that the basal endometrial epithelial cells are unique 
because they proliferate during the postovulalory luteal phase. Inter- 
estingly, in the mouse uterus, there is a direct correlation between 
lactofenin expression and epithelial cell proliferation (6). Therefore, 
lactoferrin may have a similar role in the human and mouse endome- 
trium. If lactoferrin expiession is. cyclic, the ERE in the 5'-flanking 
promoter region of tbe human lactoferrin gene may be activated 
during tbe luteal pbase (30, 11). 

Another similarity between buman and mouse uterine lactoferrin 
expression is the observation of two immunobisiochemical stain fog 
patterns. In one pattern, the antiseia binds primarily over the cyto- 
plasm, and in the other, tbe nucleus is the primary site of localization. 
Although this could represent a fixation artifact, we bave now ob- 
served this pattern in two species and under different fixation condi- 
tions. It has been demonstrated thai signaling peptides, i.e., platelet- 
derived growth factor (22), lnl-2 (23), and probasin (24), can be 
selectively directed into the nucleus, cytoplasm, or secreted. It is 
believed that this differential processing may allow pioteins to have 
intracrine, autocrine, and paracrine ioles, depending on the physio- 
logical state of the cell. The two localization patterns observed suggest 
that lactoferrin might have signaling sequences that direct the final 
destination of the mature peptide. 

In normal endometrium, lactofenin roRNA is present but in very 
low levels. Prolonged exposure times arc needed to visualize tbe 
mRNA band wjth Northern analysis. Although with in siru hybrid-, 
ization tbc lactoferrin mRNA signal is easily seen in adenocarcino- 
mas, wc failed to localize the lactoferrin roRNA in normal endome- 
trium using an equivalent exposure time. These low levels of mRNA 
in normal endometrium suggest that the synthesis and degradation of 
lacioferrin mRNA is more tightly iegulate<J in normal tissue than in 
tire adenocarcinomas. Because of the low levels of message in normal 
tissue, we are unable at this time to definitively conclude that lacto- 
fenin mRNA is synthesized by dre same epithelial cells which express 
ibe pjotein. 

In endometrial adenocarcinomas, malignant transformation of the 
endometrium is associated with tire up-regulation of lactoferrin 
mRNA and protein biosynthesis. The op-regulation at tbe RNA level 
is demonstrated by an increase in steady-state RNA levels using both 
in iitu hybridization and Noithern analysis techniques. In these can- 
cers, wc ilso observe an increase in the number of laciofeirin-positive 
cells, which express both »be protein and mRNA. In this srndy, 8 of 
the 12 adenocarcinomas evaluated ovcrexrpress laciofcnin, compared 
with only J of 10 hyperplastic specimens. The form of Inctoferrin 
protein extracted from endometrial adenocaicinomas appeals to have 
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Fig. 4- Coloealiiation of bctofcnin proiero (fcjlr j*wh) suxJ 
mRNA (njhf poneb) in a normal proliferative codomcmom rod 
endometrial >dtDCcaxoDCmia$ by performing unmunohrsrochexots- 
Hy »b6 in aim RKA hybridization cm serial sections. Dual analysis 
of protein ux) mRNA expression revests thai glands n normal ■ 
' ettdoiDttriuro do not have detectable mRNA, is measured by in i'tia 
hybridization {top pantfr, "X 40% whereas analysts of the adeno- 
carcinomas ckeiJy deroonsuaits a dwea correlation between pro- 
tein &nd RNA expression Jot Jacrofenin (tniddte and Jvf/onr ptrnr/j; 
X 10). Note that ba of err in protein and mRNA is distributed, n • 
hcierogcncota patient ia the epithelial cells of fee adenocarcinomas. 
As is shown in Fig. 1, > bcterogeneojK staining pattern for beiof- 
crrin protein is iko seen firqucDiIy Id norma) endometrium. 




a slight Jy higher molecular weigh! than l he prole in present in norma) 
lissuc. This could be due to altera lions in the processing of the 
lacioferrin mRNA, protein, or gly cosy la lion by I be malignant cells. 
All ei natively, theje could be minor differences between lacioferrin 
protein which is present in neutrophils and the form synthesized by 
uterine epithelial cells. "We suggest two hypotheses to explain Jactof- 
errin ovej expression in endometrial adenocarcinomas, lh the first 
hypothesis, lanoferrin biosynthesis is deregulated by the same pro- 
cesses thai lead to the malignant trans/onnation of endometrium. H 
Ibis hypothesis, is Due then lacioferrin may be a useful mailt ei for 
endometrial adenocarcinoma investigation, and further research is 
needed to del ermine whether laciofenin plays a contributing role in 
the 'malignant transformation. A second hypothesis is thai laciofenin- 
positive human endometrial adenocarcinomas evolve from the clonal 
expansion of cells residing in the regenerative zone (zona basaJis) of 
normal endometrium. J I is interesting to speculate thai lacioferrin 
expression in endometrial cancel may be linked to estrogen action in 



some way, since proliferative disorders of human endometrium are 
linked to cbjODic estrogen exposure over several years and sequencing 
data suggests ihat the promoter for the human lacioferrin gene does 
contain an ERE. 

. Although the function of lactofenin is unlutown, a variety of 
biological roles have beeD proposed for lacioferrin which could link 
this protein to a role in cancer, including the regulation of DNA 
synthesis (25-29), modulation of the immune response (25, 30, 33)> 
and ijon transport (32). Some forms of lacioferrin are jeported to have 
RNase activity (33, 34). Secreted RNases are involved in develop- 
ment, reproductive function, neoplasia, angiogenesis, and immune 
suppression. (35, 36) If angjogeoesis and immunosuppression are 
components of la a of en in RNase activity, these properties could pro- 
mote tumor growth. 

In the endometrial adenocarcinomas, wc observed a heterogeneous 
expression pattern fot Jactofenin, PO/A, Her-2/new, ER, and PR. 
With regaid to prognosis, patient survival is icponcdly worse when 



Tabic 3 Carrelorion of* locjqftrrin and PR typtession it: htunrut rmiomdrio) orient* art h 
An inverse correlation indicares thai lanoJcmn am) prop estrone »ot not expressed in Ok same rrcxmi of ibe iiu»or by irr.munohisioc hem real rnalysis. PK dciexJtd with the 
amistia KD6S. and lucloftrrin wij cntcJcd by a specific polyclonal amisera. 
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J^g. 5. Northern analysis of bcinfmin mRNA tjrprcssiojt confirms ih»l tndomrtriaJ 
adtnocwcborois (Lonti J and significantly Ove, express the 2 <-Julobast transcript of 
human lactoferrin i* ccwnpaiisc* w normal endorotlrinro (JUwrt J and 2> T)ie Nonbexji 
hybridization data supports the w jin> RNA Jesuits and confirms that lactoferrin RNA 
expression b dysic£o1atrd in uterine adtnocarclnoma*. KonoaJ uterine tissues appear tt> 
contain. Jo* study-suit RNA Itvds of ractoftmn, leOcctSog » coniiotled patera of 
prouin expression. EtjuWaJenl RNA loading and qvaliry for each speciniai was demon- 
straied by cinidium bromide staining of iht RNA gels {daw not shown) and by probing for 
* kowejereping gene (^c^raldchyde-S-phosphaie dehydrogenase) thai does not flucruate 
significantly with ibt mciaboJic state of iht tissue. 
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endometrial adenocarcinomas lose sex steroid receptors (37, 38), have 
a higher proliferative index (39), and demonstrate DNA aneuploidy. 
During the tumor progression of endometrial adenocarcinomas, it 
appears thai the loss of steroid hormone receptors occurs earlier than 
either the increase in proliferation rate or the development of DNA 
aneuploidy (40). In our study, we note a- striking inverse correlation 
between tbe expression of lactoferrin and PR in the endometrial 
adenocarciDomas. An inverse relationship also has been described for 
HER-Vneu and PR in endometrial adenocarcinomas ihat correlates 
with paiient prognosis. Furthermore, in cancers of the human endo- 
metrium, ovary and breast Her-2//WM expression has been associated 
with advanced disease and poor survival (41-43). HER-2//w:ii is an 
oncogene lhat shares sequence homology with the epidermal growth 
factor receptor and is speculated to contribute. to aberrant growth. Of 
note is that lactoferrin biosynthesis in the mouse uterus is associated 
with the expression of the epidermal growth factor. Like HER-2/ncii, 
•the epidermal growth factor receptor is also frequently overexpressed 
in PR-negative cells of endometrial adenowcinomas (44). The am- 
plification of growth factor receptor expression in PR-negative endo- 
metrial adenocarcinomas may be associated with the acquisition of 
giowth autonomy and hormone independence, which may contribute 
io the poorer prognosis of PR-negative endometrial carcinomas (45). 
Some endometrial adenocarcinomas, including recurrent rumors, can 
be treated successfully with progesterone therapy (46, 47). Although 
the significance of the inverse relationship between lactoferrin and PR 
expression is nol known, wc speculate that tbe PR-negative cells do 
not undergo the normal growih inhibition and secretory differentiation 
normally associated with progesterone action. 

A survey of human tissues reveals that laclofenin is expressed by 
most normal mammalian exocrine glands and may be a prognostic 
marker in tumors (20). Lactoferrin is found in normal ductule breast 
epithelium and in primary breast carcinomas. In breast tumors, there 
is an inverse correlation between lactoferrin and ERs (20). Notably, 
lactoferrin expression in breast cancer may fall into the same category 



A. Immunoblot 



B. Coomassie Blue 
Protein Staining 



Fig. 6. Western blot analysis using an anibcrum 
specific lot human lactoferrin was performed on 
proteins e*u»ctrd from normal" and mili&nsni en- 
dometrium »»d sepaiaied by SDS-polyaaylamide 
yel electrophoresis. A bioad protein band vita a 
molecular weight between 70,000 and S0.000 is 
detected in both norma) and stop) as tic tndomrJria! 
•fijsut bomof r.Tatcx con; >i lent "iin the reported 
moitculai wcijjhl ol human Jacioftrnn (A)^ Tbe 
most significant observation fiom the immunobJol- 
tinf srudics is that tactofrrrin pioteb; is markedly 
elcv^tf i n ibe ace rjocaici nomas, in comparison to 
normal endometrium, vbich swppoits (be irDTnvBO- 
(ytochtmicjJ analyst? ihtl dtrooDslraks » jrestri 
number ol cells positivr for laciafenin protein )n 
*he uterine mmon. B. 'be relative imoun! ol protein 
loaded in t>eh lar»c by Coornassie blue stainin". 
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Frg, 7. CojjtfcDtm of laaof eirin protein expres- 
sion with the PCNA, a marker of poWtration, and 
PR as measured by inrnitmohhlochcnjistry per- 
lonotd on serial stcrions; X 20. In most cases, no 
relationship between lactoftmn and PCKA expres- 
sion is found in tithu normal o> malignant cwto- 
metmnn (dm w>» shown). Howcvo, m 1 1 of U 
adenocarcinomas, m inverse conebtkm » seta 
berwee* bcioferrin (A) »nd PCNA (fl) localiz*- 
bon. This linking pntro w consistent through- 
oui the entire rumor, su^titrog u* possibility of 
c=l) cyck regulation of laciofemn erprtsaoa » 
Ihis adenocarcinoma. Tbe bonom panrls nhibSlM 
invent corjehbon benvttn bctofcmD (C) and PR 

expression (OX vbich vas seu> "* 3,1 tDd °* 
mcmaJ »dcr»c«QDOjn»5 which ejpjfsstd PR. 
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as the other marlcers for EK-negative rumors, such as amplification of 
EGF receptor, HER-2/neu, and trtmsfoiming growth factor a expres- 
sion, which are associated with poor prognosis. Id gastric carcinomas, 
hetofenin expression is associated with transformation of specific 
cell types including intestinal -type carcinomas, adenomas, and incom- 
plete intestinal metaplasias (28). Although this is complete specula- 
tion at this rime, perhaps lacioferrin overe*pression in tbe vajious 
malignancies rosy compleroem the actions of the growth factor path- 
way molecules and contribute to the autonomous growth of these 
hunois. 

In conclusion, oui studies reveal that lactoferrin is. associated 
with a unique population of epithelial cells in the zona basalis and 
ihat lactoferiin overexpressioD may be associated with malignant 
iiansforroation ol ihe human endometrium. Further studies are 
needed to elucidate the role of lactoferrin in normal and patholog- 
ical endometrial physiology - 
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Cell proliferation in human soft tissue tumors correlates with platelet- 
derived growth factor B chain expression: an immunohistochemical and in 
situ hybridization study. 

Wang J, Coltrera MP , Gown AM . 

Department of Pathology, University of Washington, Seattle 98195. 

The authors tested the hypothesis that the B chain of the platelet-deri ved growth factor 
(PDGF), a known connective tissue mitogen and growth factor, could be expressed by 
human soft tissue rumors, and that its expression could play a role in the control of cell 
proliferation in these tumors. Using a set of 56 soft tissue tumors, including benign 
tumors and all three grades of sarcomas, PDGF-B chain protein was localized using 
unmunohistochemistry and PDGF-B mRNA was localized using in situ hybridization 
The hypothesis that PDGF-B expression was related to cell proliferation was tested by 
simultaneously demonstrating the expression of the proliferating cell nuclear antigen in 

SSS 1 !? tlSSUe SCCti0tlS ° f thC S3me tUm ° rS - Skty 82% of tumore had demonstrable 
PDGF-B mRNA and protein, respectively, with a strong correlation between their 

prS^° f eXpression & = 0 0001 )- Amo "g the sarcomas, a strong correlation between 
PDGF-B expression and increasing malignant tumor grade (P = 0.006), and between 
PDGF-B expression and increasing proliferating cell nuclear antigen index (P = 0.01) 
was found. All tumors were also demonstrated to express the beta receptor of PDGF via 
unmunohistochemistry. These studies suggest that PDGF-B expression may be an 
important mediator of cell proliferation control, via an autocrine mechanism, in human 
soft tissue tumors and may correlate with clinical outcome in the sarcomas. 

PMID: 790391 1 [PubMed - indexed for MEDLINE] 
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Expression of cadherins and catenins in paired tumor and non neoplastic 
prunary prostate cultures and corresponding prostatectomy specimens. 

WangJ, KnjlJD, Torbenson M, Wang Q, Bisceglia M. Stongri Thn™,o A 
DeFlavia P. Dhir R. Becich MJ . ' 

Department of Pathology, University of Pittsburgh Medical Center, PA, USA. 

Cadherins are a family of transmembrane proteins that play a crucial role in cell : 
differentiation, cell migration, and intercellular adhesion. Cadherins are associated- with 
catenins through their highly conserved cytoplasmic domain. Down-regulation of E- 
cadhenn protein has been shown in various human cancers. This study examined the 
expression of cadherins and associated catenins at the mRNA level. Paired tumor and 
nonneoplastic primary prostate cultures were obtained from surgical specimens 
X^'If™ 5 multiplex fluorescence reverse transcriptase-polymerase chain reaction 
(QMF RT-PCR) and quantitative analysis were performed and correlated with 
immunostain results. Six of seven cases of neoplastic cultures showed moderately-to- 
markedly decreased levels of E-cadherin and P-cadherin mRNA. Similar losses of alpha- 
catemn and beta-catemn mRNA were also observed. The results of QMF RT-PCR 
showed good correlation with the results of irnmunohistochemical studies based on 
corresponding formalin-fixed sections. In conclusion, this paper presents a coordinated 
down-regulation m the expression of E-cadherin and associated catenins at the mRNA 
and protein level in most of the cases studied. This down-regulation may play an 
important role m the pathogenesis of prostate cancer. 
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Abstract Cadherins arc a family of transmembrane 
proteins thai play a crucial role in cell differentiation 
cell migration, and intercellular adhesion. Cadherins are' 
associated with caienins through their highly conserved 
cytoplasmic domain. Down- regulation of E-cadherin 
protein has been shown in various human cancers This 
study examined the expression of cadherins and associ- 
ated caienins at ihe mRNA level. Paired tumor and non- 
neoplastic primary prostate cultures were obtained from 
surgical specimens. Quantitative multiplex fluorescence 

nT C ifA E !? D ^ nplaSC " poly,ncrasc chain taction (QMF 
r ~\ CI V Quantitative analysis were performed and 
correlated with immunostain results. Six of seven cases 
of neoplastic cultures showed moderalely-to-markedly 
decreased levels of E-cadherin and P-cadherin mRNA 
Similar losses of a-catenin and 0-catenin mRNA were 
also observed. The results of QMF RT-PCR showed 
good correlation with the results of immunohistochem- 
ical studies based on corresponding formalin-fixed sec- 
tions. In conclusion, this paper presents a coordinated 
down-regulation in the expression of E-cadherin and 
associated catenins at the mRNA and protein level in 
most of the cases, studied. This down-regulation may 
play an important role in the pathogenesis of prostate 
cancer. 
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Prostate cancer is the most common malignant tumor 
and the second leading, cause of cancer death in men 
Ihe clmical course of patients with prostate cancer 
varies widely, and different factors contribute to this 
marked clinical variability, including genetic back- 
ground, Jiormonal environment, and the invasive 
potential of the tumor. Invasion and metastasis are the 
hallmarks of malignancy and have been closely linked to 
alterations in cell-to-cell .adhesion, cell migration, and 
interactions with extracellular matrix components [22}. ' 

. Cadhenns are a family of transmembrane glycopro- 
teins responsible for maintaining Ihe integrity of tissue 
and are involved in cell differentiation, cell migration 
and intercellular adhesion through a calcium-dependent 
mechanism characterized by homotypic adhesion [35- 
37]. Their highly conserved cytoplasmic domains asso- 
ciate with catenins, a group of intracellular prolans that 
mediate contact between the cadherins and the micro- 
filaments of the cytoskeleton. Each cadherin subclass 
shows a unique tissue distribution: E-cadherin is pre- 
dominantly expressed in epithelial cells and P-cadherin is 
restricted to decidua tissue and the basal or lower layers 
of stratified epithelium [30J. 

The accumulating evidence suggests a decrease or loss 
of function in E-cadherin and P-cadherin in several 
human carcinomas [3, 9, 23, 32].. Loss of heterozygosity 
(LOH) at chromosome 16 in the location of the E-cad- 
herin gene is present in a high percentage of prostate 
cancers [6, 21,26, 28]. Decreased expression of E-cadherin 
is seen in various human malignant tumor cell lines, and 
the level of decrease correlates with the invasive potential 
of the tumor cell lines [1, 9, 12, 24, 40, 42]. In addition, 
many, but not all, immunohistochernical studies using 
formalin-fixed, paraffin-embedded tissue have shown thai 
the E-cadhenn protein is decreased in prostate cancer and 
the decrease is correlated with tumor grade |4, 8, 13, 27, 
38J. Other studies have shown decreased-to-absenl 
P-cadhenn levels, but variable E-cadherin levels [33] 
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a- and 0-catenins bind Ihe cytoplasmic domain of 
E-cadherin and link it to the cytoskclcton [16, 31). Down- 
regulation of expression and deletion of a-catenin genes 
were identified in several human cancer cell lines 119, 24, 
m Immunohistocheroical studies showed decreased 
ct^catenin staining, which correlated well with the loss of 
E : cadherin staining and patient survival [25, 29, 39]. In 
addition, decreased 0-catenin protein expression appears 
to be associated with malignant transformation of epi- 
thelial tissue [34]. These results suggest that cadherins 
and catenins may function as tumor invasion-suppressor 
genes. However, most of these results were obtained in 
studies using transformed tumor cell lines and formalin- 
fixed, paraffin-embedded tissue. To our knowledge, 
no studies to dale have examined the co-expression of 
cadherins and catenins at the mRNA level using material 
derived from surgical specimens. 

Recently, we have developed the methodology to 
cultivate primary epithelial cells under defined condi- 
tions from surgical prostatectomy specimens [20]. Areas 
of both carcinoma and noh-neoplastic tissue are identi- 
fied grossly, verified histologically, and then cultured 
separately, resulting in paired primary cultures of both 
non-neoplastic and neoplastic epithelium from the same 
patient. The non neoplastic tissue cultures serve as an 
important control of any person-to-person variability in 
Ihe expression of the genes of interest. 

In this study, we investigated the co-expression 
of cadherin and catenin mRNA. from multiple paired 
primary prostate cultures derived from surgical prosta- 
tectomy specimens using quantitative multiplex fluores- 
cence reverse transcriptase-polymerase chain reaction 
(QMF RT-PCR) [41, 44]. Immunohistochernistry stud- 
ies of cadherins and catenins were performed on ihe 
corresponding paraffin-embedded prostate tissue. 



Materiab and methods 

Tissue specimen ai>d primary prostate cultures 

We studied patients with adenocarcinoma of the prostate who 
underwent prostatectomy at the University of Pittsburgh Medical 
Center during the lime interval January 1996-January 1998. No 
patient had received treatment prior to surgery. Fresh prostatec- 
tomy specimens were sectioned and grossly examined, representa- 
tive samples of neoplastic and non-neoplastic tissue were collected, 
and Ihe diagnoses were confirmed by examination of hematoxylin 
and eosin (H&E) -stained sections. Epithelial cells from tumor and 



non-neoplasUc areas of the specimen were isolated and then ad- 
lured with a chemically defined medium (CDM) without addition 
of growth factors as previously described. Tissue fragments were 
cut into small pieces and underwent a series of collagenous diges- 
tions. Following each digestion, the cells weie pelleted by centn- 
fugalion at 1,000 rpm for 4 M1N |20J. To selectively promote 
epithelial cell growth, the pellets were rcsuspended.and maintained 
in serum-free CDM supplemented with epithelial growth factor 
(EGF) [20J. The culture** morphology was examined daily, and 
epithelial cells were allowed to grow until confluence was reached, 
between days 7 and 10. 

Isolation of total RNA and synthesis of cDNA 

Total RNA was extracted from the cultured primary prostate 
epithelial cells at first passage according to the Triiol solution 
(Gibco BRL, Rockville, MD) modified method of Chomczynski 
and Sacchi [1% The RNA was then quantiUtcd spectrophotomel- 
rically. Two micrograms of total RNA were used for first strand 
cDKA synthesis using oligo-dT primers and MMLV reverse tran- 
scriptase (Gibco BRL, Rockville, MD). 

PCR primers and quantitative multiplex fluorescence PCR 

PCR primers for hepalocytc growth factor (HGF) and c-myc 
were synthes>2ed as previously described |I7J. PCR primers for 
E-cadherin, P-cadhcrin, a-calcmn, /T-calenin, and 0-actm cDNA 
were designed according to cDNA sequences provided by the 
GeneBank (WVVvVZncbi.nlm.gov/genebank/query). The primers 
were selected to amplify 150-250 bp target genes and the PCR 
products from each target gene were designed to have a different 
size (Table 1). The reverse primers were synthesized with fluores- 
cein molecules covalently attached to the 5' end (BRL, RockvDle. 
MD). Twenty-five microliters of PCR reactions for QMF-PCR 
contained primers (20 pM each), cDNA corresponding to 50 ng or 
total RNA, dNTPs, and reaction buffer. The reactions were am- 
plified for 21 cycles at 94 °C for I min, 57 °C for 2 min; and 72 *C 
Tor 2 min. Five microliters of QMF-PCR reactions were mixed with 
an equal volume of sequencing gel loading buffer, denatured, and 
aliquot* were elecirophorcsed on an ABJ 373A automated sequencer 
(Applied Biosyslcms, Foster City. CA) using a matrix specific for 
fluorescein (Fig. I A). 

Automated sequencer gels were run for 6 h at 30 W using 
Genescan software (ABI, Foster City, CA). Lane assignments and 
areas or the peaks corresponding to fluorescent peaks were aai^ol 
and quantified by the Genescan software using PholorouJtipner 
lube (PMT) voltages (Fig. IB). All experiments were done m 
triplicate and the results presented as means and standard devia- 
tions (SD). 

Antibodies and imrnunohislochemistry 

Five-micron sections were obtained Trom formalin- fixed. r^ffm- 
embedded tissue blocks. They were deparaffinized and hyd'ated 
with graduated cthanols. Slides were then mrcrowaved in l.l M 



T»ble 1 Summary of PCR 
primer sequences and PCR 
' products 



Primer 


Sequence 


Target gene 


Size of PCR product (bp) 


I 


Forward cccacaclglgcccatctacg 


0-Aclin 


170 


2 


Reverse gcttciccltaatglcacgc 


E- cadherin 


190 


3 


Forward caaagtgggcacagatggigtg 


4 


Reverse cigcltggaliccagaaacgg 


P-cadherin 


220 


5 


Forward gcaagagccagctctgittagc 


6 


Reverse acltgagcigaitcaglctclgg 


a-Catenin 


»82 


7 


Forward gatggacaactalgagccagg 


8 


Reverse tataccaggcgggaagcalcg 


p-Caienin 


218 


9 


Forward itcigglgccactaccacagc 


10 


Reverse tgcaigccclcaiclaatglc 
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fig, 1 A Genescan image of 
QMF RT-PCR of five paired 
non-neoplas.tc and neoplastic 
primary prostate cultures. 
cDNA corresponding to 50 ng 
of total RNA was subjected to 
21 cycles of PCR„ and all 
reactions were done in tripli- 
cate. RNA of both E-cadherin 
and P-cadherin showed modcr- ' 
ate-to-marked reduction in pri- 
mary neopJastic cultures in four 
. of five cases (Cases I, 2, 4, and 
5). B Representative automated 
sequencer traces (ABJ 373A) 
from 21 cycles of QMF 
RT-PCR using cDNA from a 
paired non-ncoplastic (top 
panel) and neoplastic {bottom 
pone/) primary prostate cultures 
(Case 2), and copy number of 
PCR products (a-actin, 
E-cadherih, and P-cadherin) 
. was calculated using peak areas. 
Neoplastic culture showed 
markedly decreased expression 
of both E-cadherin and 
P-cadherin 
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ell buff " ( P H r 6 -°) f °' a »'^cn retrieval. The avidin-bio.in 

P^L - - 5 (Bur,m K aroc * Calif, USA). The E-cadherin 

ct^ n i n ^ a!Cn,n * a " d ^ atCnin "tibodics^ all mouse mono.' 

Evaluation of i mm un obtaining 

The pc Icentage 0 f posinve cells, intensity of the staining, and cel- 
lular lDcal*ai.on of .he staining were examined by .wo independent 
observers usmg normal pros.ate epithelium from the samispeci- 
men as an mttrnal control. The intensity of the signalwas graded 
as strong, modera.e. weak, and negate. The staining pattern of 
tkliUBOt was compared with that of normal epithelium from .he 
same specimens. 



Result* 

Expression or E-cadherin and P-cadherin 

Since many prostate cancers arc known lo be histolog- 
ically heterogeneous, adjacent H&E-slained sections 
ol the tissue fragments sent lo culture were reviewed 



lo assess tissue homogeneity and to rule out the presence 
of olher diseases. The paired primary cultures Tor this 
study were selected based on the following histologic 
features: (I) non neoplastic tissue showed no cancerous 
foci or high-grade prostatic intraepithelial neoplasia 
(PIN); (2) neopJastic sections contained less than 5% 
non-cancerous epithelium. Seven out of 38 pairs of 
cultures met the selection criteria and were included in 
this study. Histologically, all seven cases were moder- 
ately differentiated adenocarcinomas, with GJeason 
scores ranging from 5 to 7 (median = 6). In six of these 
cases, adjacent sections of tumor contained no benign 
prostate epithelium, and in one case (specimen 4), there 
was less than 5% non-cancerous epithelium. Prostate 
stroma) cells express HGF, whereas the epithelial cells 
express c-met, the receptor for HGF [17, 20). The cases 
included in this study showed no detectable HGF 
expression after 21 cycles of QMF RT-PCR (data not 
shown). This indicates there was do significant stromal 
cell contamination in the current epithelial cultures. 

QMF-PCR is an accurate method or measuring the 
relabve levels of mRNA in small tissue samples [41] In 
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. this study, we used this method to quantitate the mRNA 
levels of E-cadherin and P -cadherin v relative to ^-actin. 
AH the RNA samples contained no DNA contamina- 
tion, as shown by the absence of automated signals when 
RT was omitted from the RT-PCR reactions. We ob- 
served the expected linear increases in 0-actin, E-cadh- 
erin, and. P-cadherin signal intensities between cycle 
numbers 18 and 24, with a cDNA input corresponding 
to 50 ng of total RNA. The ratios of /t-actin to 
E-cadherin and P-cadherin were constant, as was the 
E-cadherin/P-cadherin ratio. These results indicated that 
the target genes were consistently amplified in the reac- 
tions. Twenty-one cycles of PCR were chosen for all 
subsequent experiments. In addition, the raw sequencer 
quantitation of peak areas for /?-actin using -the same 
cDNA input was similar among the paired primary 
prostate cultures (data not shown). 

When compared with the paired non-neoplastic pri- 
mary cultures and normalized with the /^actin internal 
controls, four of the neoplastic cultures showed marked 
(>85%) reduction of E-cadherin mRNA levels, with 
one case showing no detectable E-cadherin mRNA. The 
other three neoplastic cultures showed mild-to-moderate 
reductions (Table 2). 

Six of seven neoplastic cultures showed moderately 
lo markedly decreased P-cadherin mRNA levels when 
compared with non-neoplastic cultures. Interestingly, 



the four cases showing marked reduction in levels of 
E-cadherin mRNA, and also demonstrated significant 
losses of P-cadherin mRNA. The case with do detectable 
E-cadherin mRNA also demonstrated near total loss 
of P-cadherin mRNA (Case 1). Another case (Case 3), 
with only rmld reduction in E-cadherin mRNA, showed 
no significant change in Prcadherin mRNA. Genetic 
variations among the patients were evident in the 
marked differences in the baseline levels of E-cadherin 
and P-cadrierin expression seen in the non-neoplastic 
primary prostate cultures. 



Expression of a-calenin and /J-cateniri 

The highly conserved intracytoplasmic domain of 
the cadherins interacts with a- and /f-catenins, with the 
catenins serving as a link between the cadherins and the 
microfilaments of the cytoskeleton. Six cases of neo- 
plastic cultures showed roi!d-to-moderatc reductions in 
a-catenin mRNA levels, ranging from 26 to 62%. These 
cases also demonstrated more severe reductions of 
0-catenin mRNA levels and generally correlated with 
the changes of cadherins in the same specimen (Table 3). 
Interestingly, the case with no significant change of 
P-cadherin mRNA and only a mild loss of E-cadherin 
mRNA also showed no change in mRNA levels of both 



Table 2 E-cadhcrin and P-cadhcrin expression in paired non- neoplastic and neoplasty primary prostate cultures derived from prosta- 
tectomy specimens ^ - 



Case 



E-cadherin" 



Non- neoplastic 



71.0 ± 2.2 

27.4 ± 6.4 
18.0 dt 0.2 

93.5 ± 12.0 
41.5 ± 3.0 

56.7 ± I.I 

53.8 ± 6.1 



Percentage P-cadherin* 
loss in lumor b 



Tumor 



Non-neoplastic 



ND* 

3.7 dt 0.3 

12.6 ± 1.9 

5.4 ± 0.9 

24.4 ± 4.0 

8.1 ± 1.0 

22.2 ± 0.7 



100 
86 
30 
94 
41 
86 
59 



65.7 ± 2.0 

53.4 ± 6.5 

88.8 ± 6.5 
87.8 ± 7.0 

30.5 ± 14 
71.8 ± 2.9 
62.7 ± 3.5 



Tumor 



0.8 ± 0.1 
17.8 ± 1.3 

86.4 ± 9.5 

25.5 ± 2.5 
18.1 ± 2.4 
17.1 ± 2.2 
19.4 ± 22 



Percentage 
loss in lumor b 



99 
67 
3 
71 
41 
76 
69 



/ JJ.O J- U. 1 — * . 

•Level of E-cadherin and P-cadherin are normalized with /J-actin from the same sample: (E-cadherin or P-cadherin)/actin x 100 
b Percentage loss in tumor primary culture: |(N - T)/N) x 100% 
C ND, not delectable 



T-M* 3 a-Catenin and /J-catenin expression in paired non-neoplaslic and neoplastic primary prostate cultures derived from prosta- 
tectomy specimens . ' 



Case 



Non-neoplastic 



Percentage loss p^calcnin" 
in tumor b . 



Tumor 



Non- neoplastic 



Tumor 



percentage 
loss in tumor 



45.1 i 7.1 

49.2 dt 1.6 

48.0 ± 5.9 

61.1 dt 2.5 

58.2 i 1.8 
46.7 i 4.7 
43.2 i 2.6 



17.3 ± 0.5 
36.2 i 4.0 
47.8 ± 9.0 
40.8 i 2.6 
27.8 ± 1.6 
33.6 * 4.7 

26.4 i 1.7 



62 
26 
<l 
33 
52 
28 
39 



19.7 ± 3.6 



21.7 
40.1 
36.8 
29.8 
31.5 
22.3 



1.5 

5.3 
18 
2.0 
4.2 
1.5 



3.9 A 0.2 
38.9 dt 6.2 

22.1 i 1.9 

15.2 i 1.1 

13.5 ± 1.6 

11.6 dt 1.4 



100 

82 
3 
40 
49 
57 
48 



* Uvel of a-caicnm and /J-calenin a»e normalized with /J-actin from the same sample: (catenin/aclin) x 100 
b Percentage loss in lumor primary cuhure: |(N - T)/N) x 100% 

* ND, not detectable 
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a- and /f-calenins. Moderate inlerspecimen variation was 
observed in the baseline expression of a-caienin and 
£-catenin mRNA levels in the non-neoplaslic cullures. 

Immunohistoehemical studies of cadherins and calenins 

In benign prostate tissue, E-cadherin was, in all cases, 
uniformly localized to the membranes of luminal glan.- 
duJar epithelial cells, predominantly at cell-cell junctions 
(Fig. 3A). One case of prostate cancer showed complete 
negative staining for E-cadherin (Fig. 3B), and the re- 
maining six cases demonstrated reduced immunoslaining 
for E-cadherin, with 25-75% of cancer ceils positive 
(Fig. 3Q. The cancerous glands generally showed re- 
duced signal intensity and an altered heterogeneous . 
staining pattern, which included focal cytoplasmic stain- 
mg and reduced membranous staining (Fig. 3C, Table 4). 

Benign prostate tissue/showed uniform basal celi 
immunoreactivily for P-cadherin, with principally cyto- 
plasmic and focal membranous pattern staining. The 



benign, glandular non-basal epithelial cells and stromal 
cells were negative for P-cadherin (Fig. 3D). P-cadherin 
immunoreactivily was completely absent in two cases of 
prostate cancer (Fig. 3E), and the remaining five cases 
showed variable focal positivity, which was predomi- 
nantly cytoplasmic (Fig. 3F). This focal P-cadherin 
immunoslaining positivity was confirmed by staining 
multiple sections and by using different monoclonal 
antibodies; Jn some cases, serial sections also appeared 
to show immunoslaining for both E- and P-cadherins 
with the same neoplastic cells. 

In all cases of benign prostate tissue, a- and ^catenin 
protein expression showed strong homogeneous staining 
of the luminal glandular epithelium and the basal cells. 
In a pattern similar to that of normal Ercadherin, the a- 
and 0-caienins were localized predominately at luminal 
epithelial cell-cell borders (Fig. 2A, C> In all cases of 
prostate cancer, there was a mild-to-moderate reduction 
in staining for both catenins wifh 50-75% of cells 
positive, and the staining tended to be heterogeneous 
(Fig. 2B, D; Table 4). 



• mns in 
culture 


prostatectomy specimens corresponding to primary prostate 
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Fig. 2A-D Immunohistoehemi- 
cal staining of a- and /J-catenin 
in non-neoplaslic prostate and 
in prostate adenocarcinoma. 
Original magnification xM5. 
A, C Normal membranous 
expression of a-catcnin and 
/F'caienin in non- neoplastic 
prostatic epithelium (Case I). 
B Decreased immunoslaining 
for a-catentn in prostate . 
adenocarcinoma (Case I). 
D Decreased and heterogenous 
immunoslaining for 0-catcnin 
in prostate adenocarcinoma 
(Case I) 



Discussion 

In this study, we observed a coordinated dowh-regula 
tion of the expression in the genes involved in the 
cadhenn and catenin mediated cell-cell pathway at the 
mRNA level. The protein levels, as demonstrated by 
the immunohistoehemical studies on the corresponding 
tissue sections, were generally consistent with the 
mRNA data as well as with that reported in the litera- 
ture [18, 33, 34, 38, 39). 

E-cadherin showed the most consistent loss of ex- 
pression at both the mRNA level and the protein level. 
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Fig. 3 A Immunohistochemical 
staining or E- and P-cadherin in 
nonneoplastic prostate and in 
ptostatc adenocarcinoma. 
Origina I magnificat ion x 1 1 5. 
A Normal membranous ex- 
pression of E-cadhtrin in non- 
neoplastic prostatic epithelium 
(Case I). B/C Complete 
negative (Case I) and focal 
heterogentous (Case 3) irrirnu- 
nostaihing Tor E-cadherin in 
prostate adenocarcinoma. 
D Normal continuous basal 
layer expression of P-cadherin 
in a portion of non-ncoplastic 
prostatic epithelium (Case 1): 
E, F Complete negative 
(Case I) and mild focal hetero- 
geneous (Case 3) imrounoslain- 
ing for P-cadherin in prostate 
adenocarcinoma 




LOH at chromosome I6q, where both E-cadherin and 
P-cadherin are located, occurs in up to 30% of prostate 
cancers. Four of our cases showed a greater than 50% 
reduction in mRNA, ranging from 87 to 100%> sug- 
gesting that mechanisms in addition to LOH may play a 
role in the reduction of E-cadherin mRNA levels below 
that of the 50% predicted by. LOH alone. 

Previous studies have suggested, thai P-cadherin 
could serve as a specific marker, for basal cell differen- 
tiation and was not expressed in prostate cancer, 
although a recent study has shown focal P-cadherin 
expression in some prostate tumors [18]. In this study, 
we demonstrated P-cadherin mRNA in six of seven 
neoplastic cultures, although it was significantly reduced 
in all six cases. It is. impossible to rule but the possibility 
that some of the P-cadherin mRNA expression may 
have resulted from potential contamination by small 
numbers of non- neoplastic basal cells admixed with the 
neoplastic cells within the culture material. However, we 
favor the interpretation that low levels of P-cadherins 
are expressed in cultured tumor cells, as well as weakly 
in some tumors in vivo owing to disruption of normal 
gene regulation. This interpretation is favored by the 
presence of focal immunostaining for P-cadherin protein 
in histologically neoplastic cells in five of seven cases. 
The histologic selection criteria (requiring minimal to no 
benign prostate gtands) should also have minimized 
major contamination. Despite the presence of mRNA in 
primary tumor cultures and focal positive immuno- 



staining, P-cadherin immunostaining may still serve as a 
useful basal cell marker because the staining pattern was 
distinctly abnormal in the cases where it was focally 
present. 

In this study, the levels of a- and 0-catenin mRNA 
were also lower than normal in six of seven cases, 
though the reductions were relatively less than those of 
cadherins, especially for the o-catenins. Catenin protein 
expression was generally moderate to weak by immu- 
nohistochernistry and showed a heterogeneous cyto- 
plasmic and weak membranous staining pattern. The 
immunopositivity was generally similar in most cases, 
with 25-75% cells showing positivily: The results of the 
immunohistochemical studies were generally consistent 
with the mRNA data; although not in all cases (e.g.. 
Case I),* perhaps due to tumor heterogeneity. 

In this study, we also observed a coordinated down- 
regulation of E-cadhcrin and the calenins in most cases; 
this was most observable at the mRNA level. The cad- 
herins are tightly regulated during embryogenesis and 
appear to serve the need for precise spatio-temporal 
regulation. The promoter sequences of both E-cadhenn 
and P-cadherin have been cloned and functionally ana- 
lyzed |2, 5, 10, 15]. Both promoters have Similar regu- 
latory elements, such as GG-rich regions and CCAAT 
boxes. Although the two promoters share similar se- 
quences, in vitro binding studies suggest that the two 
promoters are regulated by different transcriptional 
factors [II]. The tissue specificity of these promoters 
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appears to be derived by dirTercnl combinations of a 
relatively few factors common to many types of tissues 
and does not appear to be derived from transcription 
factors speafic for each type of tissue. In our study, the 
degree oHoss of expression of a- and 0-catenins at the 
m r o WaS COrrc,atcd wi *n reductions in the levels 

of E-cadherm expression. Although the exact mecha- 
nism of this coordinated down-regulation is not known, 
he coordinated pattern supports the hypothesis that 
loss or alteration of some regulatory factors occurs 
during prostate tumor progression. Possible mechanisms 
mchjde transcriptional factor alterations or hyper- 
methylabon of the promoter region |14, 43]. IJmited 
information is available on the transcriptional regula- 
tion of the catenins. but it is possible that similar 
mecnanisms may play a role. 

In summary, this is the first comparative study of the 

n ^ inV0,Vcd in the cadherin-medi- 
ated celMrelladhesion pathway at the mRNA level using 
pa,red neoplastic and nonneoplastic primary cultures 
derived from, prostatectomy specimens. Our results 

1 P lhCrC " 3 markcd P-&nWa.po.ie5 
variation «n i the normal levels of the cadherins and 
ca enms; (2) mRNA levels of E-cadherin as well as 
catemns are s.gnificantly reduced in some prostate can- 
cer pnrnary cultures, and the reduction tends to be to the 
same degree in each tumor, suggesting a defect in a 
regulating mechanism common to all of these genes* (3) 
P-cadhcnn appears to be present at both the mRNA 
level and die protein level in some prostate cancers. This 
coordinated down-regulation of E-cadherin and catenin- 
mediated adhesion pathways may play a crucial role in 
tumor pathogenesis and metastasis.. 
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Down-regulation of prostate-specific antigen expression by finasteride 
through inhibition of complex formation betweeu androgen receptor and 
steroid receptor-binding consensus in the promoter of the PSA gene in 
LNCaP cells. 

Wang LG, Liu XM, Kreis W, Budman DR . 

Department of Medicine, New York University, Manhasset 1 1 030, USA. 

As a specific competitive inhibitor of 5alpha-reductase, an intracellular enzyme that 
converts testosterone to dihydrotestosterone, finasteride is being extensively used for the 
treatment of benign prostatic hyperplasia and in experimental settings for prostate cancer. 
In this study, we showed that finasteride markedly inhibited prostate-specific antigen 
(PSA) secretion and expression. The promoter of the PSA gene contains several well- 
known cis-regulatory elements. Among them, steroid receptor-binding consensus (SRBC) 
has been identified as a functional androgen-responsive element. Our previous study 
showed that PSA was not only present in conditioned medium of the PSA-positive 
LNCaP cells but was also detectable in small amounts in PSA-negative cell lines, PC-3 
and DU-145 (L. G. Wang et al;, Oncol. Rep., 3: 911-917, 1996). A strong correlation 
between binding of nuclear factors to SRBC and the level of PSA present in the 
conditioned medium and cell extracts was found in these three cell lines, whereas no such 
correlation with binding was obtained using Spl oligonucleotide as a probe. Binding of 
LNCaP cell nuclear proteins to SRBC was diminished when the cells were exposed to 25 
microM finasteride, at which concentration 50% of both PSA mRNA and protein were 
inhibited. As a major component of DNA-protein complexes, the level of androgen 
receptor was dramatically decreased in the cells treated with finasteride. Our data indicate 
that inliibition of complex formation between SRBC and nuclear proteins due to the 
remarkable decrease in the level of androgen receptor plays a key role in the down- 
regulation of PSA gene expression by finasteride in LNCaP cells. 
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Expression of calcyclin in human melanocyte lesions. 

Wetcrman MA . van Muijen GN . Btocmers HP . Ruiter DJ . 

Department of Biochemistry, University of Nijmegen, The Netherlands. 

When comparing two subsequent stages of melanocyte tumor progression we identified 
calcyclin as a new potential progression marker, the expression of which was correlated 
with metastatic behavior of various human melanoma cell lines in nude mice. In this 
study, we describe a good correlation between RNA and protein levels in the xenografts 
of these cell lines and extended these experiments to a panel of 120 routinely processed 
human melanocyte cutaneous lesions. Northern blot analysis demonstrated that calcyclin 
RNA expression was elevated in melanoma metastases as compared to several types of 
nevoceilular nevi. Calcyclin staining using a specific polyclonal antiserum showed a 
more complex pattern. A stronger staining in a higher percentage of positive cells was 
observed in thick primary melanoma (> or = 1 .5 mm) as compared to thin primary 
melanoma (< 1.5 mm). Calcyclin expression was also present in a higher percentage of 
cells showing a stronger staining in melanomas with higher Clark levels (> U) 
corresponding to the vertical growth phase of primary melanomas. Protein expression in 
nevoceilular nevi was confined to the dermal part and was highest in the tower parts of 
the dermis. Remarkably, dysplastic nevi (atypical moles), potential precursors of 
melanoma, did not show any expression at all, either in junctional or dermaJparts. 
Confinement of the expression to the dermal part of nondysplastic nevi and primary 
melanomas may reflect interactions with the microenvironment of the reticular dermis 
that occurs with vertical growth! 
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Estrogen regulation of the cytochrome P450 3A subfamily in humans. 

Williams ET, Leyk M, Wrighton SA, Davies PJ, Loose PS, Shipley GL, Strobet HW . 

Department of Biochemistry, Medical School, University of Texas Health Science Center 
atHouston, 643 1 Fannin, MSB 6.200, Houston, TX 77030, USA. 

This study examines the possible role of estrogen in regulating the ^expression of the 
human CYP3A subfamily: GYP3A4, CYP3A5, CYP3A7, and CYP3A43. To accomplish 
this goa!,.mRNA was quantified from human livers and endometrial samples, and total 
CYP3 A protein levels were evaluated by Western irnrhunoblot analysis of the liver 
samples. The human endometrial samples were from jpremenopausal and postmenopausal 
women. The premenopausal endometrium was either in the proliferative or secretory 
phase, whereas for the postmenopausal endometrium samples, the women had been 
treated with either a placebo or estropipate, an estrogen substitute. After analyses, 
CYP3 A4 rriRNA was shown to have lower hepatic expression in females chain in males. 
In the endometrium, CYP3 A4 and CYP3A43 are down-regulated by estrogen, whereas 
CYP3 A5 is expressed at higher levels during the secretory phase. CYP3A7 was not 
detected in the endometrium. In addition, the CYP3 A subfamily showed increased 
mRNA expression in the liver as age increased. The expression levels of total CYP3 A 
protein and total CYP3A mRNA showed good correlation. Despite apparent regulation of 
CYP3 A4 mRNA expression by estrogen, the effects of estrogen may be overshadowed 
by additional regulators of gene expression. 
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Severely decreased MARCKS expression correlates will* ras revei sioti but 
not with mitogenic responsiveness. 

Wojtaszck PA. Stumpo DJ , Btackshcar PJ . Macara fG . 

Department of Pathology, University of Vermont College of Medicine Burlineton 
05405. 

Phorbol cster-inducible phosphorylation of MARCKS, the f 80-kDa' substrate of protein 
kinase C, was undetectable in several phenotypicaily dominant, non-transformed 
revertants independently derived from the ras- trans formed cell line NIH3T3 DT-ras. 
Extremely low expression o f MARCKS protein accounted for this apparent lack of 
phosphorylation. MARCKS -encoding mRNA levels were correspondingly decreased 
relative to normal and ras-transformed cells in all four ras revertanf ceil lines studied: C- 
1 1 and F-2, derived by 5-azacytidine treatment and selection with ouabain; CHP 9CJ, 
derived by ethylmethahe sulfonate mutagenesis and selection with cis-hydroxy-L-proline; 
and 12- V3, derived by transfectron with the human Krev-1 gene. However, re-expression 
of MARCKS after transfection of a cloned MARCKS cDNA into the C-l 1 ras revertant 
cells was not sufficient to induce retransformation. In fact, no significant difference in 
sensitivity to mitogenic. stimulation by phorbol esters was observed among several cell 
lines expressing widely varying levels of MARCKS. This evidence argues against a 
direct role for MARCKS in mitogenic signaling. However, the strong correlation between 
attenuation of MAJICfS expression and phenotypicaily dominant ras reversion suggests 
that a common negative regulatory mechanism might be responsible for both effects, 
presenting a potentially useful strategy for identifying factors involved in transducing the 
ras signal. 
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Abstract 



Background 

Prostate stem cell antigen (PSCA) is a recently defined homologue of the 
Thy-i/Ly-6 family ol glycosylphosphatidylinositol (GPJ)-anchored cell 
surface antigens. The purpose of the present study was to examine the 
expression status of PSCA protein and mRIMA in clinical specimens of human 
prostate cancer (Pea) and to validate it as a potential molecular target for 
diagnosis and treatment of Pea. 

Materials and Methods 

Imrnunohislochemical (JHC) and in situ hybridization (ISH) analyses of PSCA 
expression were simultaneously performed on paraffin-embedded sections 
from 20 benign prostatic hyperplasia (BPH), 20 piostatic intraepithelial 
neoplasm (PIN) and 18 prostate cancer (Pea) tissues, including 9 androgen- 
independent prostate cancers. The level of PSCA expression was 
semiquantitative^ scored by assessing both the percentage and intensity of 
PSCA- positive staining cells in the specimens, "then compared PSCA 
expression between BPH, PIN and Pea tissues and analysed the correlations 
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of PSCA expression level with pathological grade, clinical stage and 
progression to androgen-independence in Pea. 

Results 



In BPH and low grade PIN, PSCA protein and mRNA staining were weak or 
negative and less intense and uniform than that seen in HGPIN and Pea. 
There were moderate to strong PSCA protein and mRNA expression in 8 of 
11 (72.7%) HGPIN and in 40 of 48 (83.4%) Pea specimens examined by 
IHC and ISH analyses, with statistical significance compared with BPH 
(20%) and low grade PIN (22.2%) samples (p < 0.05/ respectively). The 
expression level of PSCA increased with high Gleason grade, advanced stage 
and progression to androgen- independence (p < 0.05, respectively). In 
addition, IHC and ISH staining showed a high degree of correlation between 
PSCA protein and mRNA overexpression. 

Conclusions 



Our data demonstrate that PSCA as a new cell surface marker is 
overexpressed by a majority of human Pea. PSCA expression correlates 
positively with adverse tumor characteristics, such as increasing 
pathological grade (poor cell differentiation), worsening clinical stage and 
androgen-independence, and speculatively with prostate carcinogenesis, 
PSCA protein overexpression results from upregulated transcription of PSCA 
mRNA. PSCA may have prognostic utility and may be a promising molecular 
target for diagnosis and treatment of Pea. 



Introduction 



Prostate cancer (Pea) is the second leading cause of cancer-related death in 
American men and is becoming a common cancer increasing in China. 
Despite recently great progress in the diagnosis and management of 
localized disease, there continues to be a need for new diagnostic markers 
that can accurately discriminate between indolent and aggressive variants of 
Pea. There also continues to be a need for the identification and 
characterization of potential new therapeutic targets on Pea cells. Current 
diagnostic and therapeutic modalities for recurrent and metastatic Pea have 
been limited by a lack of specific target antigens of Pea. 

Although a number of prostate-specific genes have been identified (i.e. 
prostate specific antigen, prostatic acid phosphatase, glandular kallikrein 2), 
the majority of these are secreted proteins not ideally suited for many 
immunological strategies. So, the identification of new cell surface antigens 
»s critical to the development of new diagnostic and therapeutic approaches 
to the management of Pea. 

Reiter RE et al | J J repotted the identification of prostate stern cell antigen 
(PSCA), a celt sulfate antigen that is predominantly prostate specific. The 
PSCA gene encodes a 123 amino acid glycoprotein, with 30% homology to 
stem cell antigen 7 (Sea 2). Like" Sca-2, PSCA also belongs to a member of 
the Thy- j/Ly-6 family and is anchored by a glycosylphosphatidylinositol 
(GPI) linkage. mRNA m situ hybridization (ISH) -localized PSCA expression in 
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normal prostate to the basal cell epithelium, the putative stem cell 
compartment of prostatic epithelium, suggesting that PSCA may be a 
marker of prostate stem/progenitor cells. 

In order to examine the status of PSCA protein and mRNA expression in 
human Pea and validate it as a potential diagnostic and therapeutic target * 
for Pea, we used immunohistochernistry (IHC) and in situ hybridization 
(1SH) simultaneously, and conducted PSCA protein and mRNA expression 
analyses in paraffin-embedded tissue specimens of benign prostatic 
hyperplasia (BPH, n = 20), prostate intraepithelial neoplasm (PIN, n = 20) 
and prostate cancer (Pea, n = 48). Furthermore, we evaluated the possible 
correlation of PSCA expression level with Pea tumorigenesis, grade, stage 
and progression to androgen-independence. 
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Tables 



Table 1 

Correlation of PSCA 
expression with Gleason 
score 



Table 2 

Correlation of PSCA 
expression with clinical 
stage 



Tissue samples 

All of the clinical tissue specimens studied herein were obtained from 80 
patients of 57-84 years old by prostatectomy, transurethral resection of 
prostate (TURP) or biopsies. The patients were classified as 20 cases of BPH, 
20 cases of PIN, 40 cases of primary Pea, including 9 patients with recurrent 
Pea and a history of androgen ablation therapy (orchiectomy and/or 
hormonal therapy), who were referred to as androgen-independent prostate 
cancers. Eight specimens were harvested from these androgen-independent 
Pea patients prior to androgen ablation treatment. Each tissue sample was 
cut into two parts, one was fixed in 10% formalin for IHC and the other 
treated with 4% paraformaidehyde/0.1 M PBS PH 7.4 in 0.1% DEPC for 1 h 
for JSH analysis, and then embedded in paraffin. All paraffin blocks 
examined were then cut into 5 pm sections and mounted on the glass slides 
specific for IHC and JSH respectively in the usual fashion. H&E-stained 
section of each Pea was evaluated and assigned a Gleason score by the 
experienced urological pathologist at our institution based on the criteria of 
Gleason score (2]. The Gleason sums are summarized in Table :; . Clinical 
staging was performed according to Jewett-whitmore-prout staging system, 
as shown in Table 2. In the category of PIN, we graded the specimens into 
two groups, i.e. low grade PIN (grade J - U) and high grade PIN (HGP1N, 
grade III) on the basis of literatures |3 f 4]. 

Immunohistochemical (IHC) analysis 

Briefly, tissue sections were deparaffinized, dehydrated, and subjected to 
microwaving in 10 mrnol/L citrate buffer, PH 6.0 (Boshide, Wuhan, China) in 
a 900 W oven for b min to induce epitope retrieval. Slides were allowed to 
cool at room temperature for 30 min. A primaiy mouse antibody specific to 
human PSCA (Boshide, Wuhan, China) with a 1 :lO0 dilution was applied to 
incubate with theslides at room temperature for ? h. Labeling was detected 
by sequentially adding biotinylated secondary antibodies and strepavidin- 
peroxidase, and localized using 3,3'-diamtnobenzidine reaction. Sections 
were then countei stained with hematoxylin. Substitution of the primary 
antibody with phosphate- buffered- saline (PBS) seived as a negative- 
staining control. 
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mRNA in situ hybridization (ISH) 

Five-pm-thick tissue sections were deparaffinized and dehydrated, then 
digested in pepsin solution (4 mg/ml in 3% citric acid) for 20 min'at 37.5°C, 
and further processed for ISH. Digoxigenin-labeled sense and antisense 
human P5CA RNA probes (obtained from Boshide, Wuhan, China) were 
hybridized to the sections at 48°C overnight. The posthybridization wash 
with a high stringency was performed sequentially at 37°C in 2 .x standard 
saline citrate (SSC) for 10 min, in 0.5 x SSC for 15 min and in 0.2 x SSC 
for 30 min. The slides were then incubated to biotinylated mouse anti- 
digoxigenin antibody at 37.5°C for 1 h followed by washing in 1 x PBS for 
20 min at room temperature, and then to strepavidin-peroxidase at 37.5°C 
for 20 min followed by washing in 1 x PBS for 1-5 min at room temperature. 
Subsequently, the slides were developed with diaminobenzidine and then 
counterstained with hematoxylin to localize the hybridization signals. 
Sections hybridized with the sense control probes routinely did not show any 
specific hybridization signal above background. All slides were hybridized 
with PBS to substitute for the probes as a negative control. 

Scoring methods 

To determine the correlation between the results of PSCA immunostaining 
and mRNA in situ hybridization, the same scoring manners are taken in the 
present study for PSCA protein staining by IHC and PSCA mRNA staining by 
ISH. Each slide was read and scored by two independently experienced 
urological pathologists using Olympus BX-41 light microscopes, the 
evaluation was done in a blinded fashion. For each section, five areas of 
similar grade were analyzed semiquantitative^/ for the fraction of cells 
staining. Fifty percent of specimens were randomly chosen and restored to 
determine the degree of interobserver and intraobserver concordance. There 
was greater than 95% intra- and interobserver agreement. 

The intensity of PSCA expression evaluated microscopically was graded on a 
scale of 0 to 3+ with 3 being the highest expression "observed (0, no 
staining; 1-r, mildly intense; 2-r, moderately intense; 3-f, severely intense). 
The staining density was quantified as the percentage of cells staining 
positive for PSCA with the primary antibody or hybridization probe, as 
follows: 0 = no staining; 1 = positive staining in <25% of the sample; 2 = 
positive staining in 25%-50% of the sample; 3 = positive staining in >50% 
of the sample. Intensity score (0 to 3+) was multiplied by the density score 
(0-3) to give an overall score of 0-9 [!,5J. In this way, we were able to 
differentiate specimens that may have had focal areas of increased staining 
from those that had diffuse areas of increased staining |6J. The overall score 
for each specimen was then categorically assigned to one of the following 
groups: 0 score, negative expression; ]-2 scores, weak expression; 3-6 
scores, moderate expression; 9 score, strong expression. 

Statistical analysis 

Intensity and density of PSCA protein and mRNA expression in BPH, PIN and 
Pea tissues were compared using the Chi-square and Student's Mest. 
Univariate associations between PSCA expression and Gleason score, clinical 
stage and progression to androgen- independence were calculated using 
Fisher's f:xact 7est. For all analyses, p < 0.05 was considered statistically 
significant. 
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Results 



PSCA expression in BPH 

In general, PSCA protein and mRNA were expressed weakly in individual 
samples of BPH. Some areas of prostate expressed weak levels (composite 
score 1-2), whereas other areas were completely negative (composite score 
0). Four cases (20%) of BPH had moderate expression of PSCA protein and 
mRNA (composite score 4-6) by IHC and ISH. Jn 2/20 (10%) BPH 
specimens, PSCA mRNA expression was moderate (composite score 3-6), 
but PSCA protein expression was weak (composite score 2) in one and 
negative (composite score 0) in the other. PSCA expression was localized to 
the basal and secretory epithelial cells, and prostatic stroma was almost 
negative staining for PSCA protein and mRNA in all cases examined. 

PSCA expression in PIN 

In this study, we detected weak or negative expression of PSCA protein and 
mRNA (^2 scores) in 7 of 9 (77.8%) low grade P]N and in 2 of U (38.2%) 
HGP1N, and moderate expression (3-6 scores) in the rest 2 low grade PIN 
and 5 of 11 (45.5%) HGPIN. One HGPIN with moderate PSCA mRNA 
expression (6 score) was found weak staining for PSCA protein (2 score) by 
IHC. Strong PSCA protein and mRNA expression (9 score) were detected in 
the remaining 3 of 11 (27.3%) HGPIN. There was a statistically significant 
difference of PSCA protein and mRNA expression levels observed between 
HGPIN and BPH (p < 0.05), but no statistical difference reached between 
low grade PIN and BPH (p > 0.05). 

PSCA expression in Pea 

In order to determine if PSCA protein and mRNA can be detected in prostate 
cancers and if PSCA expression levels are increased in malignant compared 
with benign glands, Forty-eight paraffin-embedded Pea specimens were 
. analysed by IHC and ISH. It was shown that 19 of 48 (39.6%) Pea samples 
stained very strongly for PSCA protein and mRNA with a score of 9 and 
another 21 (43.8%) specimens displayed moderate staining with scores of 
4-6 (Figure 1). In addition, 4 specimens with moderate to strong PSCA 
mRNA expression (scores of 4-9) had weak protein staining (a score of 2) 
by IHC analyses. Overall, Pea expressed a significantly higher level of PSCA 
protein and mRNA than any other specimen category in this study {p < 
0.05, compared with BPH and PJN respectively). The result demonstrates 
that PSCA protein and mRNA are overexpressed by a majority of human 
Pea. 

Correlation of PSCA expression with Gleason score in Pea 

Using the semi-quantitative scoring method as described in Materials and 
Methods, we compared the expression level of PSCA protein and mRNA with 
Gleasori grade of Pea, as shown in Table 1 . Prostate adenocarcinomas were 
graded by Gleason score as 2-4 scores = well- differentiation, 5-7 scores = 
moderate- differential ion and 8-10 scores = poor- differential ion [/ J. 
Sevenry-two percent of Gleason scores 0-JO prostate cancers had very 
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Figure x 

Representatives of PSCA 
IHC and ISH staining in Pea 
(A. IHC staining, B. ISH 
staining, x200 
magnification) 



I p: // ww w. wjso. c om/c ont cnt/2/ 1/13 



5/25/2006 



World Journal of Surgical One 



y | Full text | Prostate stern cell antigen (PS 



expression in ... Page 6 of 1 2 



strong staining of PSCA compared to 21% with Gleason scores 5-7 and 17% 
with 2-4 respectively, demonstrating that poorly differentiated Pea had 
significantly stronger expression of PSCA protein and mRNA than 
moderately and well differentiated tumors (p < 0.05). As depicted in Figure 
1, IHC and 1SH analyses showed that PSCA protein and mRNA expression in 
several cases of poorly differentiated Pea were particularly prominent, with 
more intense and uniform staining. The results indicate that PSCA 
expression increases significantly with higher tumor grade in human Pea. 

Correlation of PSCA expression with clinical stage in Pea 

With regards to PSCA expression in every stage of Pea, we showed the 
results in Table 2. Seventy-five percent of locally advanced and node 
positive cancers (i.e. C-D stages) expressed statistically high levels of PSCA 
versus 32.5% that were organ confined (i.e. A-B stages) (p < 0.05). The 
data demonstrate that PSCA expression increases significantly with . 
advanced tumor stage in human Pea. 

Correlation of PSCA expression with androgen- 
independent progression of Pea 

All 9 specimens of androgen-independent prostate cancers stained positive 
for PSCA protein and mRNA. Eight specimens were obtained from patients 
managed prior to androgen ablation therapy. Seven of eight (87.5%) of 
these androgen-independent prostate cancers were in the strongest staining 
category (score = 9), compared with three out of eight (37.5%) of patients 
with androgen- dependent cancers (p < 0.05). The results demonstrate that 
PSCA expression increases significantly with progression to androgen- 
independence of human Pea. 

H is evident from the results above that within a majority of human prostate 
cancers the level of PSCA protein and mRNA expression correlates 
significantly with increasing grade, worsening stage and progression to 
androgen-independence. 

Correlation of PSCA immunostaining and mRNA in situ 
hybridization 

Jn all 88 specimens surveyed herein, we compared the results of PSCA IHC 
staining with mRNA ISH analysis. Positive staining areas and its intensity 
and density scores evaluated by IHC were identical to those seen by ISH in 
79 of 88 (89.8%) specimens (18/20 BPH, 19/20 PIN and 42/48 Pea 
respectively). Importantly, 27/27 samples with PSCA mRNA composite 
scores of 0-2, 32/36 samples with scores of 3-6 and 22/24 samples with a 
score of 9 also had PSCA protein expression scores of 0-2, 3-6 and 9 
respectively. However, in 5 samples with PSCA mRNA overall scores of 3-6 
and in 2 with scores of 9 there were less or negative PSCA protein 
expression (i.e. scores of 0-4), suggesting' thai this may reflect 
post transcriptional modification of PSCA or that the epitopes recognized by 
PSCA mAb may be obscured in some cancers. The data demonstrate that 
the results of PSCA immunostaining were consistent with those of mRNA 
ISH analysis, showing a high degree of correlation between PSCA protein 
and mRNA expression. 
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PSCA is homologous to a group of cell surface proteins that mark the 
earliest phase of hematopoietic development. PSCA mRNA expression is 
prostate-specific in normal male tissues and is highly up-regulated in both 
androgen-dependent and-tndependent Pea xenografts (LAPC-4 tumors)^ We 
hypothesize that PSCA may play a role in Pea tumorigenesis and 
progression, and may serve as a target for Pea diagnosis and treatment. In 
this study, 1HC and 1SH showed that in general there were weak or absent 
PSCA protein and mRNA expression in BPH.and low grade PIN tissues. 
However, PSCA protein and mRNA are widely expressed in HGPIN, the 
putative precursor of invasive Pea, suggesting that up-regulation of PSCA is 
an early event in prostate carcinogenesis. Recently, Reiter RE et al [1], 
using ISH analysis, reported that 97 of 118 (82%) HGPIN specimens stained 
strongly positive for PSCA mRNA. A very similar finding was seen on mouse 
PSCA (mPSCA) expression in mouse HGPIN tissues by Tran C. P et al [S). 
These data suggest that PSCA may be a new marker associated with 
transformation of prostate celfs and tumorigenesis. 



We observed that PSCA protein and mRNA are highly expressed in a large 
percentage of human prostate cancers, including advanced, poorly 
differentiated, androgen-independent and metastatic cases. Fluorescence- . 
activated cell. sorting and cdnfocal/ imrnunofluorescent studies 
demonstrated cell surface expression of PSCA protein in Pea cells [9]. Our 
JHC expression analysis of PSCA shows not only cell surface but also 
apparent cytoplasmic staining of PSCA protein in Pea specimens (Figure 1). 
One possible explanation for this is that anti-PSCA antibody can recognize 
PSCA peptide precursors that reside in the cytoplasm. Also, it is possible 
that the positive staining that appears in the cytoplasm is actually from the 
overlying cell membrane [5}. These data seem to indicate that PSCA is a 
novel cell surface marker for human Pea. 



Our results show that elevated level of PSCA expression correlates with high 
grade (i.e. poor differentiation), increased tumor stage and progression to 
androgen-independence of Pea. These findings support the original 1HC 
analyses by Gu 2 et al [9], who reported that PSCA protein expressed in 
94% of primary Pea and the intensity of PSCA protein expression increased 
with tumor grade, stage and progression to androgen-independence. Our 
results also collaborate the recent work of Han KR et al [10J, in which the 
significant association between high PSCA expression and adverse 
prognostic features such as high Gleason score, seminal vesicle invasion and 
capsular involvement in Pea was found. It is suggested that PSCA 
overexpression may be an adverse predictor for recurrence, clinical 
progression or survival of Pea. Hara H et al [] 1] used RT-PCR detection of 
PSA, PSMA and PSCA in J rnl of peripheral blood to evaluate Pea patients 
with poor prognosis. The results showed that among 58 PCa patients, each 
PCR indicated the prognostic value in the hierarchy of PSCA> PSA > PS MA RT- 
PCR, and extraprostatic cases with positive PSCA PCR indicated lower 
disease-progression-free survival than those with negative PSCA PCR, 
demonstrating that PSCA can be used as a prognostic factor. Dubey P et al 
{].?] repotted that elevated numbers of PSCA + cells correlate positively 
with the onset and development of prostate carcinoma over a long lime 
span in the prostates of the TRAMP and PTEN -r/- models compared with its 
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normal prostates. Taken together with our present findings, in which PSCA 
is overex pressed from HGPIN to almost frank carcinoma, it is reasonable . 
and possible to use increased PSCA expression level or increased numbers 
of PSCA- positive cells in the prostate samples as a prognostic.marker to 
predict the potential onset of this cancer. These data raise the possibility 
that PSCA may have diagnostic utility or clinical prognostic value in human 
Pea. 

The cause of PSCA overexpression in Pea is not known. One possible 
mechanism is that it may result from PSCA gene amplification. In humans, 
PSCA is located on chromosome 8q24.2 [1], which is often amplified in 
metastatic and recurrent Pea and considered to indicate a poor prognosis 
[13-15]. Interestingly, PSCA is in close proximity to the c-myc oncogene, 
which is amplified in >20% of recurrent and metastatic prostate cancers 
[16,17]. Reiter RE et al [18] reported that PSCA and MYC gene copy 
numbers were co-amplified in 25% of tumors (five out of twenty), 
demonstrating that PSCA overexpression is associated with PSCA and MYC 
coamplification in Pea. Gu Z et al [9] recently reporteted that in 102 
specimens available to compare the results of PSCA immunostaining with 
their previous mRNA ISH analysis, 92 (90.2%) had identically positive areas 
of PSCA protein and mRNA expression. Taken together with our findings, in 
which we detected moderate to strong expression of PSCA protein and 
mRNA in 34 of 40 (85%) Pea specimens examined simultaneously by.lHC 
and ISH analyses, it is demonstrated that PSCA protein and mRNA 
overex pressed in human Pea, and that the increased protein level of PSCA 
was resulted from the.upregulated transcription of its mRNA. 

At present, the regulation mechanisms of human PSCA expression and its 
biological function are yet to be elucidated. PSCA expression may be 
regulated by multiple factors [13]. Watabe T et al [19] reported that 
transcriptional control is a major component regulating PSCA expression 
levels. In addition, induction of PSCA expression may be regulated or 
mediated through cell-cell contact and protein kinase C (PKC) (20). 
Homologues of PSCA have diverse activities, and have themselves been 
involved in carcinogenesis. Signalling through SCA-2 has been demonstrated 
to prevent apoptosis in immature thymocytes [2J]. Thy-1 is involved in T 
cell activation and transducts signals through sre -like tyrosine kinases [22]. 
Ly-6 genes have been implicated both in tumorigenesis and in cell-cell 
adhesion |2.':'-2S]. Cell-cell or cell-matrix interaction is critical for local tumor 
growth and spread to distal sites. From its restricted expression in basal 
cells of normal prostate and its homology to SCA-2, PSCA may play a role in 
stem/progenitor celt function, such as self-renewal (i.e. anti-apoptosis) 
and/or proliferation [1]. Taken together with the results in the present 
study, we speculate that PSCA may play a role in tumorigenesis and clinical 
progression of Pea through affecting cell transformation and proliferation. 
From our results, it is also suggested that PSCA as a new cell surface 
antigen may have a number of potential uses in the diagnosis, therapy and 
clinical, prognosis of human Pea. PSCA overexpression in prostate biopsies 
could be used to identify patients at high iisk to develop recurrent or 
metastatic disease, and to discriminate cancers from normal glands in 
prostatectomy samples. Similarly, the detection of PSCA- overexpressing 
cells in bone marrow or peripheral blood may identify and predict metastatic 
progression better than current assays, which identify only PSA- positive or 
PSMA- positive prostate cells. 
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In summary, we have shown in this study that PSCA protein and mRNA are 
maintained in expression from HGPIN through all stages of Pea in a majority 
of cases, which may be associated with prostate carcinogenesis and 
correlate positively with high tumor grade (poor cell differentiation), 
advanced stage and androgen- independent progression. PSCA protein 
overexpression is due to the upregulation of its mRNA transcription. The 
results suggest that PSCA may be a promising molecular marker for the 
clinical prognosis of human Pea and a valuable target for diagnosis and 
therapy of this tumor. 
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Expression of superoxide dismutases, catalase, and glutathione peroxidase 
in glioma cells. 

Zhong W , YanT, LtmR, Qberley LW . 

USA* Lab ° rat0ry ' De P artment of Radiology, The University of Iowa, Iowa 

Four primary antioxidant enzymes were measured in both human and rat glioma cells 
Both manganese-containing superoxide dismutase (MnSOD) and copper-zinc-containing 
superoxtded.smutase (CuZnSOD) activities varied greatly among the different glioma 
cell lines. MnSOD was generally higher in human glioma cells than in rat glioma cells 
and relati vely higher than in other tumor types. High levels of MnSOD in human glioma 
cells were due to the high levels.of expression of MnSOD mRNA and proteiiL 
Heterogeneous expression of MnSOD was present in individual glioma cell lines and 
may be due to subpopulations or cells at different differentiation stages. Less difference 
m CuZnSOD, catalase, or glutathione peroxide was found between human and rat glioma 
cells, The human glioma cell lines showed large differences in sensitivity to the 
glutathione modulating drugs 1,3-bis (2-chloroethyl)- 1 -nitrosourea (BCNU) and 
butluonine sulfoximine (BSO). A good correlation was found between sensitivity to 
BCNU.and the activities of catalase in these cell lines. Only one cell line was sensitive to 
BSO and this line had low CuZnSOD activity. 

PMID: 10641728 [PubMed - indexed for MEDLINE] 
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[Expression of humau telomerase reverse transcriptase in cervix cancer 
and its significance] 

[Article in Chinese] 

X±JL,Zhu T, WuP, Xu Q, Htiaug L Li KZ , Lu YP , Ma D , 

Department of Obstetrics and Gynecology, Tongji Hospital, Tongji Medical College 
Huazhong University of Science and Technology, Wuhan 430030, China. 

OBJECTIVE: To investigate the expression of human telomerase reverse transcriptase 
(hTERT) mRNA and protein in cervix cancer, cervical intraepithelial neoplasia (ON) 
and normal cervix. METHODS: Expression of hTERT mRNA and the other two subunits 
of telomerase, human telomerase RNA component (hTR), human telomerase-associated 
protein (hTPt) was determined by RT-PCR in 3 cervix cancer cell lines, 2 diploid cell 
lines, 38 cases of cervix cancer, 16 cases of CIN and 20 cases of normal cervix. 
Telomerase activity was also examined by telomeric repeat amplification protocol 
enzyme-linked immunosorbent assay (TRAP-ELISA). Expression of hTERT protein was 
detected m all the cell lines and 101 cases of paraffmized cervix tissue sections. 
RESULTS: hTERT mRNA expression was detected in all of the three cervix cancer cell 
lines, 81.6% of cervix cancer, 37.5% of CIN, 5.0% of normal cervix, while in neither of 
the two diploid cell lines. The other two subunits of telomerase were prevalently 
expressed in all of the cell lines and most cervix tissues. There was a strong correlation 
between hTERT mRNA expression and telomerase activity. Immunostaining also 
revealed that hTERT protein was expressed in all three cervix cancer cell lines 65 5% of 
cervix cancer, 28.0% of CIN and 4.8% of normal cervix. CONCLUSION: Up-regulation 
of hTERT may play an important role in the development of CIN and cervix cancer, 
hTERT could be used as an early diagnostic biomarker for cervix cancer. 

PMID: 16008894 [PubMed - in process] 




Genetic Instability in Epithelial 
Tissues at Risk for Cancer 

WALTER N. HTTTELMAN 

Department of Experimental Therapeutics, The University of Texas 
Af D. Anderson Cancer Center, Houston, Texas 77030, USA 



Abstract: Epithelial tumors develop through a multlstep process driven by 
genomic Instability frequently associated with etiologic agents such as pro- 
longed tobacco smoke exposure or human papilloma virus (HPV) infection. 
The purpose of the studies reported here was to examine the nature of genomic 
instability in epithelial tissues at cancer risk in order to identify tissue genetic 
biomarkers that might be used to assess an individual's cancer risk and 
response to chemopreventive intervention. As part of several chemoprevention 
trials, biopsies were obtained from risk tissues (i.e., bronchial biopsies from 
chronic smokers, oral or laryngeal biopsies from individuals with premalig- 
nancy) and examined for chromosome instability using in situ hybridization. 
Near ly all biopsy specimens show evidence for chromosome instability 
throughout tne exposed tissue. Increased chromosome instability was observed 
with histologic progression in the normal to tumor transition of head and neck 
squamous cell carcinomas. Chromosome instability was also seen in premalig- 
nant head and neck lesions, and high levels were associated with subsequent 
tumor development In bronchial biopsies of current smokers, the level of 
ongoing chromosome instability correlated with smoking intensity (e.g., 
packs/day), whereas the chromosome index (average number of chromosome 
copies per cell) correlated with cumulative tobacco exposure (i.e., pack-years). 
Spatial chromosome analyses of the epithelium demonstrated multifocal clonal 
outgrowths. In former smokers, random chromosome instability was reduced; 
however, clonal populations appeared to persist for many years, perhaps 
accounting for continued lung cancer risk following smoking cessation. 

Keywords: chromosome instability; epithelial cells; aerodlgestive tract; 
chemoprevention; cancer risk 



THE NEED FOR BIOMARKERS OF CANCER RISK AND 
RESPONSE TO INTERVENTION 

Epithelial cancers remain a major health challenge in the world. Despite improve- 
ments in staging and the application and integration of surgery, radiotherapy, and 
chemotherapy, the 5-year survival rate for individuals with lung cancer is only about 
15%.* Even if strategies for early detection are successful and lung cancers 
are detected at a stage where local tumor resection and treatment is curative, 
these patients will still be at significant risk for developing second primary tumors 
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associated with the problem of field cancerization. 2 Similarly, for individuals with a 
first head and neck primary tumor, even if the first malignancy is successfully treat- 
ed, the risk of developing a second primary in the tobacco smoke-exposed field is 
approximately 40%. 3 Similar cancer risk estimates exist for individuals who exhibit 
severe dysplasia in premalignant epithelial lesions. 4 For these reasons, it is important 
to focus on chemopreventive strategies to prevent the development of epithelial 
malignancies. . 

Several problems confront chemoprevention trials designed to identify effica- 
cious agents. 5 First, chemoprevention trials with cancer incidence as a primary end- 
point require tens of thousands of subjects and tens of years of intervention and 
follow-up for statistical evaluation. For example, a recently reported trial involved 
30,000 subjects and required 10 years in order to examine the impact of prevention 
strategies on lung cancer development, only to find a possible increased lung cancer 
incidence in current smokers who received p-carotene. 6 

The problem of large, long-term trials results from the difficulty in identifying 
individuals at highest cancer risk who might best benefit from chemopreventive 
intervention. For example, 20 pack-year smokers, while known to be at relatively 
increased risk for developing lung cancer, have approximately a 10% lifetime risk 
for developing lung cancer. This seriously limits the number of potentially useful 
strategies^atxaiLbexlimcally-explored^ 

trials is that little is known about what agents are likely to have efficacy, and even 
less is known regarding proper doses, schedules, and durations of treatment Part of 
the reason for this problem is that too little is known about the physiologic processes 
that drive epithelial cancer development. 

In order to reduce the number of subjects and the time required to carry out 
chemoprevention trials and thus allow the exploration of multiple prevention strate- 
gies, two types of advances are necessary. First, it is important to identify individuals 
at significantly increased cancer risk who might best benefit from different types of 
intervention. Second, in order to allow the rapid identification of agents, doses, and 
schedules of potentially efficacious agents, it is necessary to identify and validate 
surrogate endpoints of response that indicate whether the agents are having a posi- 
tive impact on the target tissue during the chemopreventive intervention. 

One approach to identifying individuals at increased aerodigestive tract cancer 
risk is to explore epidemiologic features of potential subjects. Molecular epidemio- 
logic studies are beginning to identify intrinsic host factors that place some individ- 
uals at increased cancer risk, especially those with a chronic smoking history. 8 Most 
intrinsic factors identified thus far reflect levels of carcinogen metabolism, repair 
capabilities of the host following DNA damage, and other measures of intrinsic 
cellular sensitivity to mutagens. While these factors can provide statistically signif- 
icant risk ratios in case-control studies that are controlled for tobacco exposure, the 
detected risk ratios usually fall in the range of 1.5 to 10. Unfortunately, this is not 
sufficient for the individualization of treatment and is not sufficiently high to signif- 
icantly reduce the numbers of subjects required for chemoprevention trials with 
cancer incidence as the primary endpoint 

Another approach to identifying individuals at increased cancer risk is to directly 
examine the target tissue of individuals with known carcinogen exposure (e.g., 
chronic tobacco smoke exposure), who have evidence of target organ dysfunction 
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(e.g., chronic obstructive pulmonary disease, changes in voice quality), or who 
have clinical evidence of premalignancy (e.g., bronchial metaplasia/dysplasia, oral 
leukoplakia/erythroplakia, cervical intraepithelial neoplasia). The conventional 
standard for assessing cancer risk in these situations is the degree of histological 
change. However, while individuals who show moderate to severe dysplasia are 
known to be at increased cancer risk when compared to individuals with lesser his- 
tologic changes, it is often difficult to distinguish reactive changes to carcinogenic 
insult from initiated and progressing lesions. Similarly, upon cessation of carcino- 
genic insult, histologic changes may reverse yet cancer risk may continue for many 
years. For example, while smoking cessation is associated with decreased bronchial 
metaplasia, 9 increased lung cancer risk continues for many years beyond smoking 
cessation. 10 In fact, nearly half the newly diagnosed lung cancer cases in the USA 
occur in former smokers. 1 1 

The development of assays to identify individuals at high epithelial cancer risk 
and to directly assess response to intervention in the target tissue is therefore an 
important research goal. Such assays should be objective and easily quantifiable and, 
if possible, minimally invasive. Moreover, they should reflect both the disease pro- 
cess and the targeted pathway and thereby be useful in assessing risk and monitoring 
response to intervention as well as directly testing the hypothesized mechanism of 
-action-of-the-Ghemopreventive-steategy, 

In the chemoprevention setting it is important to recognize that one does not 
know the location of the future cancer. Thus, assays must necessarily be carried out 
on random biopsies of the field at risk. Even if there are clinically evident premalig- 
nant lesions, this does not mean that this is the likely site for a future malignancy. 
For example, nearly half of the cancers that develop in individuals with oral leuko- 
plakia arise away from the original index lesion. Similarly, since many newly diag- 
nosed lung cancers arise in the peripheral parts of the lung (e.g., adenocarcinomas), 
especially in former smokers, and since endobronchoscopy predominantly accesses 
central components of the lung, it is important to identify biomarkers that can reflect 
global processes ongoing in the target epithelial field associated with increased can- 
cer risk. Their discovery requires a better understanding of the tumorigenesis pro- 
cess in epithelial fields at cancer risk. 



THE RATIONALE FOR STUDYING 
GENOMIC INSTABILITY AS A MARKER OF RISK 

T\imors of the aerodigestive tract have been proposed to reflect a "field cancella- 
tion" process whereby the whole tissue is exposed to carcinogenic insult (e.g., tob- 
acco smoke) and is at increased risk for multistep tumor development. 12 * 13 Several 
types of clinical and laboratory data support this notion, including the frequent 
occurrence of synchronous primary and subsequent second primary tumors in the 
aerodigestive tract (frequently exhibiting dissimilar histologies as well as distinct 
genetic signatures 14 " 16 ) and the presence of premalignant lesions that precede and/or 
accompany the tumor in the exposed tissue field. 17 The notion of a multistep tumor- 
igenesis process is further supported by serial clinical and histologic evaluations of 
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target tissue or exfoliated cells where increasing degrees of histological abnormali- 
ties are observed over time. 1 8 

A working model for aerodigestive tract tumorigenesis is illustrated in Figure 1. 
Iftimorigenesis in the face of carcinogenic exposure likely involves a chronic process 
of tissue injury and wound healing. DNA damage induced by the carcinogen is likely 
fixed into permanent genetic changes (e.g., chromosome damage, chromosome non- 
disjunction, gene mutation, gene deletion, etc.) during the process of proliferation. 
This damage would be expected to be distributed throughout the exposed tissue field 
leading to a background of generalized genomic damage (depicted in Figure 1 as a 
background mat of increasing density). Chronic injury and repair likely leads to the 
accumulation of cells with increasing amounts of genetic changes as well as the out- 
growth of abnormal clones (triangles in Figure 1) carrying an accumulation <5f 
genetic changes important for selective survival, dysregulated growth, and preferen- 
tial epithelial take-over by initiated clones (see Figure 2). 

Cellular and molecular evidence for the field carcinogenesis and multistep tum- 
origenesis model comes from many laboratories. 19 ^ 20 With the advent of a wide array 
of molecular technologies, a large number of specific molecular genetic and epige- 
netic changes involving specific oncogenes, tumor suppressor genes, cell regulatory 
genes, and repair genes have now been described for aerodigestive tract cancers. The 
identifica tion of t hese s pecific molecular ch an ges have now provided probes to 
explore specific events occurring in premalignant lesions adjacent to aerodigestive 
tract tumors. 21 " 24 Frequently, these premalignant lesions showed a subset of the 
same molecular changes found in the associated tumor, suggesting that these lesions 
might represent precursor lesions for the associated tumors (i.e., a manifestation of 
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FIGURE 1. Field cancerization and multistep tumorigenesis. 
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FIGURE 2. Multiple focal clonal evolution during multistep tumori genesis. 



a multistep tumorigenesis process). For example, studies of the premalignant lesions 
adjacent to head and neck tumors have provided evidence for a gradual accumulation 
of genetic alterations accompanied by evidence for dysregulation of cellular control 
mechanisms (e.g., alterations in expression of PCNA, EGFR, TGF-B, d53, and 
cyclinDl). 25 - 28 

These types of studies have now also been applied to the target epithelium of indi- 
viduals at increased risk for aerodigestive tract cancer (i.e., individuals with a chron- 
ic smoking/alcohol history and/or prior aerodigestive tract cancer). Several groups 
(using polymerase chain reaction, PGR, analysis of microdissected epithelium) have 
now demonstrated the presence of clonal outgrowths in the target premalignant epi- 
thelium of individuals at increased risk for cancer. 29-31 For example, examination of 
bronchial biopsies derived from individuals with a 20 pack-year smoking history 
demonstrated that 76% of the cases showed evidence for LOH (3pl4, 9p21, or 
1 7p 1 3) in at least one of six lung biopsy sites. On a per site basis, some form of LOH 
was observed in 25% of the sites examined. 29 

If aerodigestive tract cancer development reflects a field cancerization process 
involving multistep events, then risk and response information should be able to be 
derived from random biopsies or exfoliated cells from the field at risk or from assess- 
ments of tissue undergoing similar processes. Hypothetically, lesions exhibiting the 
greatest degree of genomic instability, clonal outgrowth, and abnormal epithelial 
regulation would be at the highest relative aerodigestive tract cancer risk. Similarly, 
an active chemopreventive intervention might be expected to decrease these mani- 
festations of risk. Reduced risk manifestations include decreased levels of ongoing 
genetic instability, decreased frequency of clonal outgrowths, and increased epithe- 
lial growth regulation. 
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THE MEASUREMENT OF CHROMOSOME INSTABILITY USING 
CHROMOSOME IN SITU HYBRIDIZATION 

Molecular genetic techniques, while extremely useful for detecting clonal chang- 
es in targets tissues, are somewhat limited in their ability to detect random genetic 
instability. Conventional cytogenetic assays are useful for detecting chromosome 
instability and clonal chromosome changes. However, they require numbers of 
dividing cells for karyotypic analysis that are difficult to attain in the setting of biop- 
sies acquired during the course of a chemoprevention trial. A technique was there- 
fore needed that would allow chromosome instability measurements in situations 
where few cells are available (e.g. small biopsies, brushings, or sputum samples) and 
where the target material might be fixed. It was also desirable to have a technique 
that would be adaptable to tissue sections, whereby spatial information could be 
retained and genotype/phenotype associations could be determined on the same or 
adjacent tissue sections. The technique of in situ hybridization (ISH) involves the 
use of DNA probes that recognize either chromosome-specific repetitive target 
sequences, chromosome single gene copy sequences, or sequences along the whole 
chromosome length or chromosome segments. 32 We have adapted the ISH technique 
for formalin-fixed, paraffin-embedded tissue sections and have applied it to a variety 
of tissues, including the aerodigestive tract 33,3 4 

Using probes that label the centromere regions of specific chromosomes, this 
assay permits determination of the average chromosome number per cell for each 
specimen. This assay is also useful for detecting generalized chromosome instability 
during the tumorigenesis process. Normal diploid populations should have two cop- 
ies of each autosomal chromosome and should rarely show three or more chromo- 
some copies per cell (chromosome polysomy), especially in tissue sections where 
nuclear truncation results in an under-representation of chromosome copy number. 
Thus, the detection of cells with three or more chromosome copies would indicate 
the presence of chromosome instability. 

To examine this technique's potential for characterizing the multistep tumorigen- 
esis process in the aerodigestive tract, we measured the fraction of cells exhibiting 
three or more chromosome copies in apparently contiguous epithelial transitions 
from normal to hyperplastic to dysplastic to carcinomas, all on a single tissue slice 
of head and neck squamous cell carcinomas. 34 In these specimens, greater than 35% 
of the cases of adjacent "normal" epithelium, greater than 65% of the cases of hyper- 
plastic epithelium, and greater than 95% of the dysplastic and tumor regions showed 
evidence of chromosome polysomy. Of interest, similar transitions of chromosome 
instability were observed with at least four different chromosome probes. Similar 
trends have also been observed in amenable tissue from other epithelial malignan- 
cies, including cervix, bladder, and breast. 35 These results thus suggested that the 
notions of field cancerization and multistep tumorigenesis might apply to several 
epithelial tissues and that measures of chromosome instability might be useful for 
monitoring this process. 

In the situations described above, the premalignant lesions examined might be 
considered to represent epithelium at 100% risk of being in a cancer field, since they 
were located in the adjacent epithelium to the cancer. This then raises the question 
of the nature of genetic instability in the epithelium of individuals at increased risk 
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for developing cancer. To explore this issue, we obtained biopsies during the course 
of leukoplakia chemoprevention trials exploring the use of 13-cw-retirioic acid in 
reversing leukoplakia and probed them for genetic instability using in situ hybridiza- 
tion. In one retrospective study and in one prospective study of subjects with oral 
leukoplakia, the results indicate that those subjects whose pretreatment biopsies har- 
bor relatively high levels of genomic instability (i.e., more than 3% of the cells 
examined showing at least 3 chromosome 9 copies per cell) have a significantly 
higher likelihood of suffering early onset of head and neck cancer. 36 ' 37 Interestingly, 
half of the tumors that did develop occurred away from the biopsy site used to mea- 
sure genetic instability. This result suggests that genomic instability measurements 
in carcinogen-exposed tissue can provide useful cancer risk estimates. 



THE RELATIONSHIP BETWEEN TOBACCO EXPOSURE AND 
CHROMOSOME INSTABILITY 

In recent years, the aerodigestive tract chemoprevention group at M.D. Anderson 
Cancer Center has initiated three sequential biomarker-associated chemoprevention 
trials involving chronic smokers with a greater than 20 pack-year smoking history. 
-foeaGlvo^th^e-studieSrendoDFonchiaU)^ 

within the lung, including the carina and at bifurcation points at the upper, middle, 
and lower right lung and at the upper and lower left lung. Biopsies were obtained pri- 
or to and following chemopreventive intervention and were subjected to in situ 
hybridization analysis in addition to analyses for other biomarkers. The first impor- 
tant finding was that some degree of chromosome polysomy was evident in all lung 
sites examined, and this was observed independently of the particular chromosome 
probe utilized. 38 This finding supports the notion that random chromosome changes 
may be occurring throughout the exposed lung field. 

In a second study, bronchial biopsies were obtained from individuals with a 20 
pack-year smoking history. In this study, most of the subjects involved were current 
smokers. 39 Interestingly, all cases who showed metaplasia at one of six biopsy sites 
also showed chromosome polysomy in at least one biopsy site; overall, 88% of the 
sites showed some evidence of chromosome 9 polysomy. 40 Evidence for genetic 
instability was also detected in patients who did not show evidence of bronchial 
metaplasia in any of six biopsy sites despite a strong smoking history. In fact, more 
than 90% of the cases and more than 60% of the sites showed significant chromo- 
some polysomy (i.e., at least three copies in at least 2 % of the cells examined). 
These results suggest that the lungs of long-term smokers show significant evidence 
of genetic instability, and this instability can be detected throughout the accessible 
bronchial tree, even when bronchial metaplasia is not evident. 

These studies in current smokers has allowed us to examine the relationship 
between the levels of genetic instability detected and subject characteristics such as 
smoking status (current or former), smoking history, and lung tissue pathologic 
changes. Evaluable biopsy material has now been obtained from more than 108 cur- 
rent smokers, including more than 480 evaluable biopsy sites. The mean metaplasia 
index in these current smokers was 30.4%. For the total population studied, the 
median chromosome index for the bronchial biopsies was 1.41 (range, 1.04-1.61) 
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and the median chromosome polysomy index was 2.0% (range 0-8.7%). This can be 
compared to a mean chromosome index between 1.2-1.4 for lymphocytes and very 
rare chromosome polysomy. Interestingly, the intrasubject variability in chromo- 
some instability was relatively low in most subjects and was less than the intersub- 
ject variability. These results suggested that chronic smokers harbor detectable 
chromosome instability throughout the accessible bronchial tree (supporting the 
field carcinogenesis notion) and that information from one biopsy site might yield 
representative information for the rest of the lung field. 

Since most of the current smokers exhibited bronchial metaplasia in at least one 
of the biopsied sites, this allowed us to examine the relationship between chromo- 
some instability and histologic changes, both on a site-by-site basis and on a per case 
basis. On a site-by-site basis, the chromosome indices of lesions showing squamous 
metaplasia were similar to those not showing metaplasia (i.e., median 1.43 vs. 1.43), 
and the degree of chromosome polysomy in metaplastic lesions were only slightly 
higher than in non-metaplastic sites (medians: 2.2% vs. 1.8%, respectively). Thus, 
the presence or absence of squamous metaplasia at a biopsy site does not necessarily 
correlate with the degree of underlying genomic instability. On the other hand, those 
subjects with metaplasia indices of at least 15% also showed higher levels of chro- 
mosome polysomy than did subjects with metaplasia index below 15% (medians: 
2.4% vs. 1.8%. p = O.OOSV Thug, foese chromosome in^Mlity asses sments in cur- 



rent smokers appeared to reflect a more global process in the lung field. 

Tobacco exposure has been shown to significantly increase the risk of developing 
lung cancer, and the degree of risk is related to the extent of tobacco exposure. We 
were interested in determining the relationship between individuals' smoking histo- 
ry parameters and the levels of chromosome change found in their lungs following 
years of tobacco exposure. While there was significant intersubject variation for sim- 
ilar tobacco exposure histories, overall there was a significant correlation between 
the degree of chromosome polysomy and the intensity of ongoing tobacco exposure 
(packs/day, p = 0.02 on a per site basis) and with the extent of tobacco exposure 
(pack-years, p - 0.003). Thus the amount of chromosome polysomy reflects the 
intensity and extent of tobacco exposure. At the same time, individuals with similar 
smoking histories showed widely divergent amounts of chromosome polysomy, pos- 
sibly reflecting differences in intrinsic sensitivity between subjects. There was also 
strong correlation between the chromosome index and the duration of the smoking 
history (smoking years) and total accumulated exposure (pack-years, p = 0.0001). 
These results suggest that tobacco exposure is associated with the initiation and 
accumulation of chromosome instability in the exposed lung; however individuals 
are differentially sensitive to carcinogenic insult. The working hypothesis is that 
those individuals who accumulate the highest degree of chromosome changes will 
be at the highest lung cancer risk. 

Many of the bronchial biopsies from chronic smokers examined by in situ hybrid- 
ization showed a rise in the chromosome index above that expected for a diploid cell 
population, especially in subjects with an extensive smoking history. The rise in 
chromosome index was also accompanied by an increase in the fraction of cells 
exhibiting at least 3 chromosome copies per cell. To determine if a rise in the tissue 
chromosome index was due to clonal expansion of populations with chromosome tri- 
somy, the chromosome copy number and relative coordinates of each cell scored in 
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the bronchial epithelium was recorded and a spatial genetic map was created. 41 We 
then developed algorithms for calculating localized chromosome indices within the 
tissue. Since trisomic clones would have, on average, three chromosomes instead of 
two/those cells involved in neighborhoods with chromosome indices three-halves 
that of diploid populations could be marked as being part of a trisomic clone. Simi- 
larly, groups of cells with chromosome indices half that of diploid populations could 
be marked as being part of a monosomic clone. This allowed the generation of a sec- 
ond-order, two-dimensional genetic map representation of the bronchial epithelium 
showing the relative locations of cells involved in monosomic and trisomic clonal 
outgrowths. When adjacent tissue sections from the same bronchial biopsy were 
probed separately for different chromosomes, the detected clones appeared to occu- 
py separate subregions of the epithelium. This result suggests that not only are the 
lungs of chronic smokers undergoing a process of genetic instability, they are expe- 
riencing the outgrowth of multiple clones throughout the exposed lung field, as pos- 
tulated by the models shown in Figures 1 and 2. One advantage of this clonal 
approach is that the contribution of both monosomic and multisomic clones can be 
detected. 

Since smoking cessation has been suggested to reduce the lung cancer risk, it was 
of interest to determine whether the levels of chromosome instability would decrease 
following smokin g cessation. This question was possible to examine because our 
third sequential chemoprevention trial involved subjects who had discontinued 
smoking. So far, more than 220 subjects (more than 650 biopsies) who have quit 
smoking (mean 9.9 quit-years) have been evaluated for chromosome instability in 
their lungs. Despite the fact that the mean metaplasia index in this group is 5.8% 
(considerably less than that in current smokers), chromosome instability is still 
observed in the majority of subjects. 42 While the mean chromosome polysomy level 
is reduced to 1.0%, some individuals continue to show polysomy levels above 5%. 
Interestingly, while the overall chromosome polysomy levels were reduced in these 
individuals who stopped smoking, the mean chromosome index remained at about 
1 .4 with some individuals exhibiting chromosome indices as high as 1.8. Initial chro- 
mosome mapping studies suggest that while random chromosome instability seems 
to decrease following smoking cessation, the clonal outgrowths may remain for 
many years in the lung. The working hypothesis is that those individuals who show 
the greatest degree of remaining chromosome instability are at the highest lung can- 
cer risk despite smoking cessation. Long-term follow-up on these subjects will be 
necessary to test this hypothesis. 



SUMMARY AND CONCLUSIONS 

Aerodigestive tract tumorigenesis appears to be a multistep process taking place 
throughout the tissue fields of exposure. When viewed in the context of chromosome 
changes, carcinogen exposure appears to be associated with the random acquisition 
of chromosome polysomy throughout the exposed field, the degree of which is relat- 
ed to the degree and extent of carcinogen exposure as well as to the instririsic suscep- 
tibility of the exposed individual. Continued exposure leads to continued acquisition 
of new changes and, in association with chronic wound-healing processes, to the 
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accumulation of clonal outgrowths throughout the target tissue. Although the ulti- 
mate malignancy may occur in only one or few tissue sites, manifestations of the 
instability process that drives tumorigenesis is globally present in the tissue. Thus 
random biopsies may provide useful risk information for the exposed field as a 
whole. Even when carcinogen exposure is reduced or chemopreventive strategies are 
initiated and histologic manifestations of the tumorigenesis process subside, the 
genetic scars of prior exposure remain in the form of clonal outgrowths and may 
explain continued lung cancer risk in ex-smokers. Future chemoprevention strategies 
need to focus on reducing the degree of chromosome instability and on trying to 
eliminate residual abnormal clonal outgrowths in the aerodigestive tract. In this set- 
ting, the measurement of chromosome instability in the target tissue will be useful in 
assessing cancer risk as well as response to intervention. 
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Aneuploidy and cancer 

Subrata Sen, PhD 



Numeric aberrations in chromosomes, referred to as aneu- 
ploidy, is commonly observed in human cancer. Whether aneu- 
ploidy is a cause or consequence of cancer has long been 
debated. Three lines of evidence now make a compelling case 
for aneuploidy being a discrete chromosome mutation event 
that contributes to malignant transformation and progression 
process. First, precise assay of chromosome aneuploidy in 
several primary tumors with in situ hybridization and compara- 
tive genomic hybridization techniques have revealed that 
specific chromosome aneusomies correlate with distinct tumor 
phenotypes. Second, aneuploid tumor cell lines and in vitro 
transformed rodent cells have been reported to display an 
elevated rate of chromosome instability, thereby indicating that 
aneuploidy is a dynamic chromosome mutation event associ- 
ated with transformation of cells. Third, and most important, a 
number of mitotic genes regulating chromosome segregation 
have been found mutated in human cancer cells, implicating 
such mutations in induction of aneuploidy in tumors. Some of 
these gene mutations, possibly allowing unequal segregations 
of chromosomes, also cause tumorigenic transformation of 
cells in vitro. In this review, the recent publications investigat- 
ing aneuploidy in human cancers, rate of chromosome instabil- 
ity in aneuploidy tumor cells, and genes implicated in regulat- 
ing chromosome segregation found mutated in cancer cells 

are discussed. Curr Opin Oncof 2000, 12:82-88 €> 2000 Uppincott Williams 
& Wilkins. Inc. 
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Cancer research over the past decade has firmly estab- 
lished that malignant cells accumulate a large number of 
genetic mutations that affect differentiation, prolifera- 
tion, and cell death processes. In addition, it is also 
recognized that most cancers arc clonal, although they 
display extensive heterogeneity with respect to kary- 
otypes and phenotypes of individual clonal populations. 
It is estimated that numeric chromosomal imbalance, 
referred to as aneuploidy, is the most prevalent genetic 
change recorded among over 20,000 solid tumors 
analyzed thus far [1]. Phenotypic diversity of the clonal 
populations in individual tumors involve differences in 
morphology, proliferative properties, antigen expression, 
drug sensitivity, and metastatic potentials. It has been 
proposed that an underlying acquired genetic instability- 
is responsible for the multiple mutations detected in 
cancer cells that lead to tumor heterogeneity and 
progression [2]. In a somewhat contradictory argument, 
it has also been suggested that clonal expansion due to 
selection of cells undergoing normal rates of mutation 
can explain malignant transformation and progression 
process in humans [3]. Acquired genetic instability, 
nonetheless, is considered important for more rapid 
progression of the disease [4*»], Although the original 
hypothesis on genetic instability in cancer primarily 
focused on chromosome imbalances in the form of aneu- 
ploidy in tumor cells, the actual relevance of such muta- 
tions in cancer remains a controversial issue. 

Whether or not aneuploidy contributes to the malignant 
transformation and progression process has long been 
debated. A prevalent idea on genetics of cancer referred 
to as "somatic gene mutation hypothesis" contends that 
gene mutations at the nucleotide level alone can cause 
cancer by either activating cellular proto-oncogencs to o 
dominant cancer causing oncogenes and/or by inactivat- 
ing growth inhibitory tumor suppressor genes. In this 
scheme of things chromosomal instability in the form of 
aneuploidy is a mere consequence rather than a cause of 
malignant transformation and progression process. 

In this review, some of the recent observations on the 
subject are discussed and compelling evidence is 
. provided to suggest that aneuploidy is a distinct form of 
genetic instability in cancer that frequently correlates 
with specific phenotypes and stages of the disease. 
Furthermore, discrete genetic targets affecting chromo- 
somal stability in cancer cells, recently identified, are 
also discussed. These data provide a new direction 
toward elucidating the molecular mechanisms rcsponsi- 
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bie for induction of aneuploidy in cancer and may even- 
tually be exploited as novel therapeutic targets in the 
future. 

Genetic alterations in cancer 

Alterations in many genetic loci regulating growth, 
senescence, and apoptosis, identified in tumor cells, 
have led to the current understanding of cancer as a 
genetic disease. The genetic changes identified in 
tumors include: subtle mutations in genes at the 
nucleotide level; chromosomal translocations leading to 
structural rearrangements in genes; and numeric 
changes in either partial segments of chromosomes or 
whole chromosomes (ancuploidy) causing imbalance in 
gene dosage. 

For the purpose of this review, both segmental and whole 
chromosome imbalances leading to altered DNA dosage 
in cancer ceils are included as examples of ancuploidy. 

Incidence of aneuploidy in cancer 

Evidence of aneuploidy involving one or more chromo- 
somes have been commonly reported in human tumors. 
Although these observations were initially made using 
classic cytogenetic techniques late in a tumor's evolu- 
tion and were difficult to correlate with cancer progres- 
sion, more recent studies have reported association of 
specific nonrandom chromosome aneuploidy with 
different biologic properties such as loss of hormone 
dependence and metastatic potential [5], 

Classic cytogenetic studies performed on tumor cells 
had serious limitations in scope because they were 
applicable only to those cases in which mitotic chromo- 
somes could be obtained. Because of low spontaneous 
rates of cell division in primary tumors, analyses 
depended on cells either derived selectively from 
advanced metastases or those grown in vitro for variable 
periods of time. In both instances, mctaphascs analyzed 
represented only a subset of primary tumor cell popula- 
tion. Two major advances in cytogenetic analytic tech- 
niques, in situ hybridization (ISH) and comparative 
genomic hybridization (CGH), have allowed better reso- 
lution of chromosomal aberrations in freshly isolated 
tumor cells [6]. ISH analyses with chromosome-specific 
DNA probes, a powerful adjunct to metaphasic analysis, 
allows assessment of chromosomal anomalies within 
tumor cell populations in the contexts of whole nuclear 
architecture and tissue organization. CGH allows 
genome wide screening of chromosomal anomalies 
without the use of specific probes even in the absence 
of prior knowledge of chromosomes involved. Although 
both techniques have certain limitations in terms of 
their resolution power, they nonetheless provide a 
better approximation of chromosomal changes occurring 
among tumors of various histology, grade, and stage 



compared with what was possible with the classic cyto- 
genetic techniques. Genomic ploidy measurements 
have also been performed at the DNA level with flow 
cytometry and cytofluorometric methods. Although 
these assays underestimate chromosome ploidy due to a 
chromosomal gain occasionally masking a chromosomal 
loss in the same cell, several studies using these 
methods have supported the conclusion thac DNA 
aneuploidy closely associates with poor prognosis in 
various cancers [7,8]. This discussion of some recent 
examples published on aneuploidy in cancer includes 
discussion of studies dealing with DNA ploidy measure- 
ments as well. Most of these observations arc correlative 
without direct proof of specific involvement of genes on 
the respective chromosomes. Identification of putative 
oncogenes and tumor suppressor genes on gained and 
lost chromosomes in aneuploid tumors, however, are 
providing strong evidence that chromosomes involved in 
ancuploidy play a critical role in the tumorigenic 
process. 

In renal tumors, either segmental or whole chromosome 
ancuploidy appears to be uniquely associated with 
specific histologic subtypes [9]. Tumors from patients 
with hereditary papillary renal carcinomas (HPRC) 
commonly show trisomy of chromosome 7, when 
analyzed by CGH. Germline mutations of a putative 
oncogene MET have been detected in patients with 
HPRC. A recent study [10], has demonstrated that an 
extra copy of chromosome 7 results in nonrandom dupli- 
cation of the mutant MET allele in HPRC, thereby 
implicating this trisomy in tumorigenesis. The study- 
suggested thai mutation of MET may render the cells 
more susceptible to errors in chromosome replication, 
and that clonal expansion of cells harboring duplicated 
chromosome 7 reflects their proliferative advantage. In 
addition to chromosome 7, trisomy of chromosome 17 in 
papillary tumors and also of chromosome 8 in mcsoblas- 
tic nephroma are commonly seen. Association of specific 
chromosome imbalances with benign and malignant 
forms of papillary renal tumors, therefore, not only 
contribute to an understanding of tumor origins and 
evolution, but also implicate aneuploidy of the respec- 
tive chromosomes in the tumorigenic transformation 
process. 

In colorectal tumors, chromosome aneuploidy is a 
common occurrence. In fact, molecular allelotyping 
studies have suggested that limited karyotyping data 
available from these tumors actually underestimate the 
true extent of these changes. Losses of heterozygosity 
reflecting loss of the maternal or paternal allele in 
tumors arc widespread and often accompanied by a gain 
of the opposite allele. Therefore, for example, a tumor 
could lose a maternal chromosome while duplicating 
the same paternal chromosome, leaving the tumor cell 
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with a normal karyotype and ploidy but an aberrant 
allclotypc. It has been estimated that cancer of the 
colon, breast, pancreas, or prostate may lose an average 
of 25% of its alleles. It is not unusual to discover that a 
tumor has lost over half of its alleles 14]. In clinical 
settings, DNA ploidy measurements have revealed that 
DNA aneuploidy indicates high risk of developing 
severe prcmalignani changes in patients with ulcerative 
colitis, who are known to have an increased risk of 
developing colorectal cancer 111]. DNA aneuploidy has 
been found to be one of the useful indicators of lymph 
node metastasis in patients with gastric carcinoma and 
associated with poor outcome compared with diploid 
cases [12,13]. CGH analyses of chromosome aneu- 
ploidy, on the other hand, was reported to correlate gain 
of chromosome 20q with high tumor S phase fractions 
and loss of 4q with low tumor apoptotic indices [14]. 
Aneuploidy of chromosome 4 in metastatic colorectal 
cancer has recently been confirmed in studies that used 
unbiased DNA fingerprinting with arbitrarily primed 
polymerase chain reactions to detect moderate gains 
and losses of specific chromosomal DNA sequences 
[15], The molecular karyotype (amplotype) generated 
from colorectal cancer revealed that moderate gains of 
sequences from chromosomes 8 and 13 occurred in 
most tumors, suggesting that ovcrrepresentation of 
these chromosomal regions is a critical step for metasta- 
tic colorectal cancer. 

In addition to being implicated in tumorigencsis and 
correlated with distinct tumor phenotypes, chromosome 
aneuploidy has been used as a marker of risk assessment 
and prognosis in several other cancers. The potential 
value of aneuploidy as a noninvasive tool to identify 
individuals at high risk of developing head and neck 
cancer appears especially promising. Interphase fluores- 
cence in situ hybridization (FISH) revealed extensive 
aneuploidy in tumors from patients with head and neck 
squamous cell carcinomas (HNSCC) and also in clini- 
cally normal distant oral regions from the same individu- 
als [16,17]. It has been proposed that a panel of chromo- 
some probes in FISH analyses may serve as an 
important tool to detect subclinical tumorigencsis and 
for diagnosis of residual disease. The presence of aneu- 
ploid or tetraploid populations is seen in 90% to 95% of 
esophageal adenocarcinomas, and when seen in 
conjunction with Barrett's esophagus, a premalignant 
condition, predicts progression of disease [18,19]. 
Chromosome ploidy analyses in conjunction with loss of 
heterozygosity and gene mutation studies in Barrett's 
esophagus reflect evolution of neoplastic cell lineages in 
vivo [20]. Evolution of neoplastic progeny from Barrett's 
esophagus following somatic genetic mutations 
frequently involves bifurcations and loss of heterozygos- 
ity at several chromosomal loci leading to aneuploidy 
and cancer. Accordingly, it is hypothesized that during 



tumor cell evolution diploid cell progenitors with 
somatic genetic abnormalities undergo expansion with 
acquired genetic instability. Such instability, often 
manifested in the form of increased incidence of aneu- 
ploidy, enters a phase of clonal evolution beginning in 
premalignant cells that proceeds over a period of time 
and occasionally leads to malignant transformation. The 
clonal evolution continues even after the emergence of 
cancer. 

The significance of DNA and chromosome aneu- 
ploidy in other human cancers continue to be evalu- 
ated. Among papillary thyroid carcinomas, aneuploid 
DNA content in tumor cells was reported to correlate 
with distant metastases, reflecting worsened progno- 
sis [21]. Genome wide screening of follicular thyroid 
tumors by CGH, on the other hand, revealed frequent 
loss of chromosome 22 in widely invasive follicular 
carcinomas [22]. Chromosome copy number gains in 
invasive neoplasm compared with foci of ductal carci- 
noma in situ (DCIS) with similar histology have been 
proposed to indicate involvement of aneuploidy in 
progression of human breast cancer [23]. ISH analyses 
of cervical intraepithelial neoplasia has provided 
suggestive evidence that chromosomes 1, 7 and X 
ancusomy is associated with progression toward cervi- 
cal carcinoma [24]. 

Although the prognostic value of numeric aberrations 
remains a matter of debate in human hematopoietic 
neoplasia, there have been recent studies to suggest that 
the presence of monosomy 7 defines a distinct subgroup 
of acute myeloid leukemia patients [25], It is interesting 
in this context that therapy-related myelodysplastic 
syndromes have been reported to display monosomy 5 
and 7 karyotypes, reflecting poor prognosis [26]. 

The clinical observations, mentioned previously, arc 
supported by in vitro studies in human and rodent cells in 
which aneuploidy is induced at early stages of transforma- 
tion (27,28). It is even suggested that aneuploidy may 
cause cell immortalization, in some instances, that is a 
critical step prececding transformation. 

Finally, in an interesting study to develop transgenic 
mouse models of human chromosomal diseases, chromo- 
some segment specific duplication and deletions of the 
genome were reported to be constructed in mouse 
embryonic stem cells [29]. Three duplications for a 
portion of mouse chromosome 11 syntcnic with human 
chromosome 17 were established in the mouse 
gcrmline. Mice with 1Mb duplication developed corneal 
hyperplasia and thymic tumors. The findings represent 
the first transgenic mouse model of aneuploidy of a 
defined chromosome segment that documents the direct 
role of chromosome aneusomy in tumorigencsis. 
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Aneuploldy as "dynamic cancer-causing 
mutation" instead of a "consequential state" 
in cancer 

According to the hypothesis previously discussed, aneu- 
ploidy represents either a "gain of function" or u loss of 
function" mutation at the chromosome level with a 
causative influence on the tumorigenesis process. The 
hypothesis, however, is based only on circumstantial 
evidence even though existence of aneuploidy is corre- 
lated with different tumor phenotypes. The existence of 
numeric chromosomal alterations in a tumor docs not 
mean that the change arose as a dynamic mutation due 
to genomic instability, because several factors could lead 
to consequential aneuploidy in tumors, also. Although 
aneuploidy as a dynamic mutation due to genomic insta- 
bility in tumor cells would occur at a certain measurable 
rate per cell generation, a consequential state of aneu- 
ploidy in tumors may not occur at a predictable rate 
under similar conditions or in tumors with similar 
phenotypes. In addition to genomic instability, differ- 
ences in environmental factors with selective pressure, 
could explain high incidence of aneuploidy and other 
somatic mutations in tumors compared with normal cells 
(4], These include humoral, ceil substratum, and cell- 
cell interaction differences between tumor and normal 
cell environments. It could be argued that despite 
similar rates of spontaneous aneuploidy induction in 
normal and tumor cells, the latter arc selected to prolif- 
erate due to altered selective pressure in the tumor cell 
environment, whereas the normal cells are eliminated 
through activation of apoptosis. Alternatively, of course, 
one could postulate that selective expression or ovcrex- 
prcssion of anti-apoptotic proteins or inactivation of 
proapoptotic proteins in tumor cells may counteract 
default induction of apoptosis in G2/M phase cells 
undergoing missegrcgation of chromosomes. Recent 
demonstration of overexpression of a G2/M phase anti- 
apoptotic protein survivin in cancer cells [30] suggests 
that this protein may favor aberrant progression of aneu- 
ploid transformed cells through mitosis. This would 
then lead to proliferation of aneuploid cell lineages, 
which may undergo clonal evolution. 

To ascertain that aneuploidy is a dynamic mutational 
event, various human tumor cell lines and transformed 
rodent cell lines have been analyzed for the rate of 
aneuploidy induction. When grown under controlled in 
vitro conditions, such conditions ensure that environ- 
mental factors do not influence selective proliferation of 
cells with chromosome instability. In one study, 
Lengauer # [31»] provided unequivocal evidence by 
FISH analyses that losses or gains of multiple chromo- 
somes occurred in excess of 10" 2 per chromosome per 
generation in aneuploid colorectal cancer cell lines. The 
study further concluded that such chromosomal instabil- 
ity appeared to be a dominant trait. Using another in 



vitro model system of Chinese hamster embryo (CHE) 
cells, Duesberg et aL [32«] have also obtained similar 
results. With clonal cultures of CHE cells, transformed 
with nongenotoxic chemicals and a mitotic inhibitor, 
these authors demonstrated that the overwhelming 
majority of the transformed colonies contained more 
than 50% aneuploid cells, indicating that aneuploidy 
would have originated from the same cells that under- 
went transformation. AH the transformed colonies tested 
were tumorigenic. It was further documented that the 
ploidy factor representing the quotient of the modal 
chromosome number divided by the normal diploid 
number, in each clone, correlated directly with the 
degree of chromosomal instability. Therefore, chromo- 
somal instability was found proportional to the degree of 
aneuploidy in the transformed cells and the authors 
hypothesized that aneuploidy is a unique mechanism of 
simultaneously altering and destabilizing, in a massive 
manner, the norma! cellular phenotypes. In the absence 
of any evidence that the transforming chemicals used in 
the study did not induce other somatic mutations, it is 
difficult to rule out the contribution of such mutations 
in the transformation process. These results nonetheless 
make a strong case for aneuploidy being a dynamic chro- 
mosome mutation event intimately associated with 
cancer. 

Aneuploidy versus somatic gene mutation in 
cancer 

The idea that numeric chromosome imbalance or aneu- 
ploidy is a direct cause of cancer was proposed at the 
turn of the century by Theodore Boveri [33], However, 
the hypothesis was largely ignored over the last several 
decades in favor of the somatic gene mutation hypothe- 
sis, mentioned earlier. Evidence accumulating in the 
literature lately on specific chromosome aneusomies 
recognized in primary tumors, incidence of aneuploidy 
in cells undergoing transformation, and aneuploid tumor 
cells showing a high rate of chromosome instability have 
led to the rejuvenation of Boveri's hypothesis. The 
concept has recendy been discussed as a "vintage wine 
in a new bottle" [34 • ] . The author points out that 
except for rare cancers caused by dominant retroviral 
oncogenes, diploidy docs not seem to occur in solid 
tumors, whereas aneuploidy is a rule rather than excep- 
tion in cancer. 

Aneuploidy as an effective mutagenic mechanism 
driving tumor progression, on the other hand, is being 
recognized as a viable solution to the paradox that with 
known mutation rate in non-germline cells (-10" 7 per 
gene per cell generation) tumor cell lineages cannot 
accumulate enough mutant genes during a human life- 
time [35]. The concept is gaining significant credibility 
since genes that potentially affect chromosome segrega- 
tion were found mutated in human cancer. Some of 
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these genes have also been shown to have transforming 
capability in in vitro assays. Selected recent publications 
describing the findings are being discussed below in 
reference to the mitotic targets potentially involved in 
inducing chromosome segregation anomalies in cells. 

Potential mitotic targets and molecular 
mechanisms of aneuploidy 

Because aneuploidy represents numeric imbalance in 
chromosomes, it is reasonable to expect that aneuploidy 
arises due to misscgregation of chromosomes during cell 
division. There are many potential mitotic targets, 
which could cause unequal segregation of chromosomes 
(Fig. 1). Recent investigations have identified several 
genes involved in regulating these mitotic targets and 
mitotic checkpoint functions, which can be implicated 
in induction of aneuploidy in tumor cells. This discus- 
sion is restricted to those mitotic targets and checkpoint 
genes whose abnormal functioning has been observed in 
cancer or has been shown to cause tumorigenic transfor- 
mation of cells, in recent years. The role of telomeres is 
discussed elsewhere in this issue. For a more detailed 
description of the components of mitotic machinery and 
their possible involvement in causing chromosome 
segregation abnormalities in tumor cells, readers may 
refer to a recently published review [36*]. 

Among. the mitotic targets implicated in cancer, ccntro- 
some defects have been observed in a wide variety of 
malignant human tumors. Centrosomes play a central role 
in organizing the microtubule network in interphase cells 
and mitotic spindle during cell division. Multipolar 
mitotic spindles have been observed in human cancers in 
situ and abnormalities in the form of supernumerary 



Figure 1. Potential mitotic targets causing aneuploidy in 
oncogenesis 




Diagram illustrates that defects in several processes involving chromosomal, 
spindle microtubule, and centrosomal targets, in addition to abnormal cytokine* 
sis, may cause unequal partitioning of chromosomes during mitosis, leading to 
aneuploidy. Recently obtained evidence in favor of some of these possibilities is 
discussed in the text. 



centrosomes, centrosomes of aberrant size and shape as 
well as aberrant phosphorylation of ccntrosomc proteins 
have been reported in prostate, colon, brain, and breast 
tumors [37,38]. In view of the findings that abnormal 
centrosomes retain the ability to nucleate microtubules in 
vitro, it is conceivable that cells with abnormal ccntro- 
sopnes may misscgregate chromosomes producing aneu- 
ploid cells. The molecular and genetic bases of abnormal 
centrosome generation and the precise pathway through 
which they regulate the chromosome segregation process 
remain to be elucidated. Recent discovery of a ccntro- 
some-associated kinase STKl5/BTAK/aurora2, naturally 
amplified and overexpresscd in human cancers, has raised 
the interesting possibility that aberrant expression of this 
kinase is critically involved in abnormal centrosome func- 
tion and unequal chromosome segregation in tumor cells 
[39,40], Exogenous expression of the kinase in rodent and 
human cells was found to correlate with an abnormal 
number of centrosomes, unequal partitioning of chromo- 
somes during division, and tumorigenic transformation of 
cells. It is relevant in this context to mention that the 
Xenopus homologuc of human STK15/BTAK/aurora2 
kinase has recently been shown to phosphorylate a micro- 
tubule motor protein XlEgS, the human orthologue of 
which is known to participate in the centrosome separa- 
tion during mitosis [41]. Findings on STKl5/aurora2 
kinase, thus, provide an interesting lead to a possible 
molecular mechanism of ccntrosome's role in oncogene- 
sis. Centrosomes have, of late, been implicated in onco- 
genesis from studies revealing supernumerary centro- 
somes in />5J-dcficient fibroblasts and overexprcssion of 
another centrosome kinase PLK1 being detected in 
human non-small cell lung cancer [42]. 

One of the critical events that ensures equal partition- 
ing of the chromosomes during mitosis is the propel 
and timely separation of sister chromatids that are 
attached to each other and to the mitotic spindle. 
Untimely separation of sister chromatids has been 
suspected as a cause of aneuploidy in human tumors. 
Cohesion between sister chromatids is established 
during replication of chromosomes and is retained until 
the next metaphase/anaphasc transition. It has been 
shown that during mctaphase-anaphase transition, the 
anaphase promoting complex/cyclosome triggers the 
degradation of a group of proteins called sccurins that 
inhibit sister chromatid separation. A vertebrate securin 
(v-securin) has recently been identified that inhibits 
sister chromatid separation and is involved in transfor- 
mation and tumorigencsis. Subsequent analysis 
revealed that the human securin is identical to the 
product of the gene called pituitary tumor transforming 
gene, which is overexpressed in some tumors and 
exhibits transforming activity in NIH3T3 cells. It is 
proposed that elevated expression of the v-securin may 
contribute to generation of malignant tumors due to 
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chromosome gain or loss produced by errors in chro- 
matid separation [43»]. 

Normal progression through mitosis during prophase to 
anaphase transition is monitored at least at two check- 
points. One checkpoint operates during early prophase 
at G2 to mccaphase progression while the second 
ensures proper segregation of chromosomes during 
mctaphase to anaphase transition. Several mitotic 
checkpoint genes responding to mitotic spindle defects 
have been identified in yeast. The metaphase-anaphase 
transition is delayed following activation of this check- 
point during which kinetochores remain unattached to 
the spindle. The signal is transmitted through a kineto- 
chore protein complex consisting of Mpstp and several 
Mad and Bub proteins [44]. It is expected that for 
unequal chromosome segregation to be perpetuated 
through cell proliferation cycles giving rise to aneu- 
ploidy, checkpoint controls have to be abrogated. 

Following this logic, Vogclstcin eta/. [45*] hypothesized 
that aneuploid tumors would reveal mutation in mitotic 
spindle checkpoint genes. Subsequent studies by these 
investigators have proven the validity of this hypothesis 
and a small fraction of human colorectal cancers have 
revealed the presence of mutations in either hBubl or 
hBubRl checkpoint genes. It was further revealed that 
mutant BUBl could function in a dominant negative 
manner conferring an abnormal spindle checkpoint 
when expressed cxogenously. Inactivation of spindle 
checkpoint function in virally induced leukemia has also 
recently been documented following the finding that 
hMADl checkpoint protein is targeted by the Tax 
protein of the human T-cell leukemia virus type 1. 
Abrogation of hMADl function leads to multinuclcation 
and aneuploidy [46]. 

In addition to mitotic spindle checkpoint defects, failed 
DNA damage checkpoint function in yeast is frequently 
associated with aberrant chromosome segregation as 
well. It, therefore, appears intriguing yet relevant that 
the human BRCAI gene, proposed to be involved in 
DNA damage checkpoint function, when mutated by a 
targeted deletion of exon I i led to defective G2/M cell 
cycle checkpoint function and genetic instability in 
mouse embryonic fibroblasts 147], The cells revealed 
multiple functional ccntrosomes and unequal chromo- 
some segregation and aneuploidy. Although the molecu- 
lar basis for these abnormalities is not known at this 
time, it raises the interesting possibility that such an 
aneuploidy-drivcn mechanism may be involved in 
tumorigenesis in individuals carrying germlinc muta- 
tions of BRCAI gene. 



Conclusion 

Growing evidence from human tumor cytogenetic inves- 
tigations strongly suggest that aneuploidy is associated 
with the development of tumor phenotypes. Clinical 
findings of correlation between aneuploidy and tumori- 
genesis are supported by studies with in vitro grown 
transformed cell lines. Molecular genetic analyses of 
tumor cells provide credible evidence that mutations in 
genes controlling chromosome segregation during 
mitosis play a critical role in causing chromosome insta- 
bility leading to aneuploidy in cancer. Further elucida- 
tion of molecular and physiologic bases of chromosome 
instability and aneuploidy induction could lead to the 
development of new therapeutic approaches for 
common forms of cancer. 
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Amplification and overexpression of putative oncogenes 
confer growth advantages for tumor development. We 
used a functional genomic approach that integrated 
simultaneous genomic and transcript microarray, proteo- 
mics, and tissue microarray analyses to directly identify 
putative oncogenes in lung adenocarcinoma. We first 
identified 183 genes with increases in both genomic copy 
number and transcript in six lung adenocarcinoma cell 
lines. Next, we used two-dimensional polyacrylamide gel 
electrophoresis and mass spectrometry to identify 42 
proteins that were overexpressed in the cancer cells 
relative to normal cells. Comparing the 183 genes with 
the 42 proteins, we identified four genes - PRDXI, 
EEFIA2, CALR, and KCIP-I - in which elevated protein 
expression correlated with both increased DNA copy 
number and increased transcript levels (all r > 0.84, two- 
sided P<0.05). These findings were validated by South- 
ern, Northern, and Western blotting. Specific inhibition of 
EEFIA2 and KCIP-I expression with siRNA in the four 
cell lines tested suppressed proliferation and induced 
apoptosis. Parallel fluorescence in situ hybridization and 
immunohistochemical analyses of EEFIA2 and KCIP-1 in 
tissue microarrays from patients with lung adenocarcinoma 
showed that gene amplification was associated with high 
Protein expression for hnth and th^ protein 

overexpression was related to tumor grade, disease stage, 
Ki-67 expression, and a shorter survival of patients. The 
amplification of EEFJA2 and KCIP-1 and the presence of 
overexpressed protein in tumor samples strongly suggest 
that these genes could be oncogenes and hence potential 
targets for diagnosis and therapy in lung adenocarcinoma. 
Oncogene (2006) 25, 2628-2635. doi: 1 0. 1 038/sj.onc. 1 209289; 
published online 12 December 2005 
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Introduction 

In lung adenocarcinoma, as in other types of cancer, 
gene amplification and the consequent overexpression of 
the amplified oncogene play an important role in the 
development of tumors, because their overexpression 
confers a growth advaniage. The ability to identify 
putative oncogenes that are activated during tumorigen- 
esis could facilitate the choice of molecular genetic 
targets for diagnosis and therapy of the disease. This 
concept has been exemplified by HER-2, which was first 
found to be amplified in neuroblastomas and subse- 
quently shown to be associated with poor prognosis in 
breast cancer (Ross and Fletcher, 1999). Now, HER-2 
aberrations are used as a predictor of response to 
therapy, and treatment of HER-2-positive breast cancer 
with the monoclonal anti-HER-2 antibody trastuzumab 
has been shown to improve prognosis (Ross and 
Fletcher, 1999). Emerging evidence of common ampli- 
cons in lung adenocarcinomas (Luk el aL, 2001; Jiang 
et a/., 2004; Tonon el al. % 2005) suggests that additional 
oncogenes remain to be identified; however, conven- 
tional techniques are ineffective in pinpointing such 
oncogenes. Parallel measurement of DNA copy number 
a nd mRNA lev e l s in cDNA microarrays perm i ts 
changes in copy number to be compared with transcrip- 
tion levels on a gene-by-gene basis to generate lists of 
candidate genes within the defining amplicons (Hyman 
et aL f 2002; Pollack et al y 2002). However, use of 
transcript patterns does not allow assessment of the 
expression of protein products or identification of prolo- 
oncogenes. Another approach, identifying differentially 
expressed proteins by proteomic analysis and then 
comparing the proteins present with mRNA expression 
in cDNA microarrays from the same specimens, can 
clarify the extent to which changes in transcript patterns 
reflect changes in their cognate proteins and post- 
transcriptional mechanisms (Chen et a/., 2002), but this 
approach cannot be used to identify oncogenes driven 
by extensive increases of their gene copy number. 
Moreover, using individual microarrays or proteomic 
approaches alone cannot distinguish the cancer-driving 
oncogenes that directly propel tumor progression from 
the larger number of passenger genes that may be 
concurrently over-represented but are not biologically 
relevant in tumor development. 
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In this study, we used a comprehensive approach that 
integrated simultaneous comparative genomic hybridi- 
zalion (CGH) and transcript microarray with proteomic 
analyses of six lung adenocarcinoma cell lines. We 
directly and specifically identified four putative onco- 
genes that could have been activated through amplifica- 
tion and consequent elevation of transcript expression. 
We used small interfering RNA (siRNA) to inhibit the 
expression of two of these four genes in the lung cancer 
cell lines, which further implicated them in oncogenesis. 
We then explored the clinical significance of these 
findings by assessing the expression of these two genes 
in tissue microarrays of human lung cancer specimens. 
Our findings underscore the power of integrated 
functional genomic analyses for identifying putative 
oncogenes in lumorigenesis; such activated genes could 
be useful as targets for diagnosis or therapy in lung 
cancer. 



Results 

Simultaneous global genomic and transcript analyses 
identify 183 genes with increases in genomic copy 
numbers and transcript expression levels 
To identify genes in which increased DNA copy number 
might contribute to increased transcript in lung adeno- 
carcinomas, first we used CGH with microarrays of six 
lung adenocarcinoma cell lines. We identified 587 genes 
showing increases in DNA copy number across all six 
cell lines (Supplementary Table IS), which were 
distributed as 90 amplicons on all chromosomes except 
for chromosomes 13 and Y (Supplementary Table 2S). 
A subsequent transcript test with the identical arrays of 
the same cell lines revealed 275 genes that showed 
increased mRNA levels (Supplementary Table 3S). 
Using random permutation tests across all cancer cell 
lines, we identified 183 genes (31%) that showed 
elevated transcript levels from the 587 genes that were 
ovcr - rcprcscntcd i n th e g e nuine (Table I ), suggesting 
that elevated transcript levels of the 183 genes may 
reflect their genomic over-representation in the cancer 
cells. These findings are consistent with previous reports 
linking genomic changes with altered transcript patterns 
in breast cancer (Hyman el al. y 2002; Pollack et aL 
2002). However, our finding that only 31% of the genes 
showing increased DNA copy numbers had cognate 
increases in transcript expression in lung adenocarcino- 
mas is different from the overall rates of 40-60% 
reported for breast cancer (Hyman et aL, 2002; Pollack 
et aL 2002). This discordance may reflect methodologic 
differences between studies or biological differences 
between breast cancer and lung adenocarcinoma. 



Proteomic analyses identify four genes for which protein 
ahundanve was associated with increases in the cognate 
gene and transcript levels 

Analysis of transcript patterns is insufficient for under- 
standing the expression of protein products and the 

effect of genomic over-rcpresciuation on the expression 



of their cognate proteins. To extend these findings 
beyond genomic over-representation to expression of 
the protein products of those geneis, we next assessed 
protein expression in the same cell lines by two- 
dimensional polyacrylamide gel electrophoresis (PAGE) 
and found that 42 different proteins, representing 42 
individual genes, were significantly increased in the 
cancer cell lines (Table 2; Supplementary Figures I S and 
2S). Some of these proteins were identified as having 
multiple isoforms, and all individual isoforms exhibited 
increases in expression ranging from 4.6 to 12.8 times 
their expression in normal lung tissue cells. In compar- 
ing protein level of the 42 genes with changes in their 
cognate genomic and mRNA expression from the global 
microarray analyses, we found that four (9.5%) of those 
42 genes - PRDXI, EEFIA2. CALR, and KCIP-I - 
showed statistically significant correlations between . 
elevated protein expression and increases in both copy 
number and mRNA expression (all r>0.84; / > <0.05) 
(Table 2) in the cancer cell lines. These findings imply 
that the abundance of these four proteins is attributable 
to the amplification and consequent elevated transcrip- 
tion of their cognate genes. 



Validation of copy number, transcript, and protein 
expression ofPRDXl, EEF1A2, CALR. and KCIP-I 
in lung cancer cell lines 

To confirm our findings from the high-throughput 
analyses, we next used Southern, Northern, and Western 
blotting to assess DNA, RNA, and protein levels for the 
four genes identified in the six ceil lines. For compar- 
ison, we arbitrarily chose one gene, NFKBI, in which an 
increase in protein level did not correlate with genetic 
changes. Overall, we found excellent concordance 
between the CGH microarray and Southern blotting 
analyses, transcript array and Northern blotting ana- 
lyses, and proteomic and Western blotting analyses for 
all five genes (Figure I). For example, KCIP-I showed 
fivefold amplification in five of the six cancer cell lines. 
whereas NFKBI showed no such increase in any of the 
cell lines. As for transcript expression, Northern blotting 
of EEF1A2 showed high expression in five of the six 
cancer cell lines; again, levels of NFKBI transcript were 
not increased in any cancer cell line as compared with 
normal bronchial epithelial cells. The results of Western 
blotting were also consistent with the results of the 
proteomic experiments; for example, five of the cancer 
cell lines exhibited strong protein bands for PRDXI as 
compared with normal cells. These findings provide 
strong support for the validity of the results derived 
from the high-throughput techniques in this study. 

These parallel analyses also revealed close correla- 
tions in the extent of changes in gene copies, transcript, 
and protein of each of the four genes in the cancer cell 
lines. For example, in the five cancer cell lines that 
showed at least fourfold increases in EEFIA2 copy 
number, expression of transcript and protein was also 
increased by at least a factor of four as well (relative to 
their expression in normal cells) (Supplementary Figure 
3S). The protein abundance of the four genes showing 
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Table I List of 183 genes with statistically significant correlation 
(0.05) hctwecn genomic copy number and tra nscript level 

6V*ir symhoi Chro. Distant? from p arm oj each a 

chromosome ( Mh ) 



Table I {continued) 



Gene symbol Chro. Distance from p arm of each 
chromosome (Mh) 



TNOI 

DDOST 

SFN 

M LI* 

AKRIAI 

PRDXI 

UQCRH 

RPL7 

COLIIAI 

MCI. I 

PSMB4 

JTB 

RPS27 

HAXI 

MUCI 

eery 

CRABP2 
TKT 
ATPIBI 
CIHTI 
SNRPF. 
YVVHAQ 
ODCI 
RPL3I 
BENE 
STAT I 
HSPDI 
HSPEI 
RPL37A 
IGFBP2 
RPS7 
RABIA 
IOKC 
l.TF 
PKN2 
KPNA4 
SI00P 
UGDH 
IJCHLI 
SPP1 
TRIM2 
FGB 
FOG 



SDHA 

POCD6 

CCT5 

PTPRF 

RPL37 

ENCI 

QP-C 

SPINK I 

CANX 

SOX4 

HDGF 

RPSIO 

R PL I OA 

VEGF 

OSF-2 

l-SCNI 

eves 

CBX3 

IGFBP3 

CLDN4 

HSPBI 

CALR 

COLIA2 

ATP5J2 

AKUiniO 



2 
2 
2 

2 
2 
2 
2 
3 
3 
3 
4 
4 
4 
4 
4 
4 

_4_ 



5 

5 

5 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
7 
7 
7 



8.5 
20.1 
26.4 
32.2 
45.4 
45.4 
46.2 
96.4 
102.6 
147.3 
148.1 
150.7 
150.7 
151 
151.9 
153.1 
153.4 
159.3 
165.8 
199.7 
200.2 
9.6 
10.60 
101.20 
110.40 
1 VI SO 
198.30 
198.30 
217.30 
217.50 
3.30 
65.30 
89.00 
46.3 
151 
161.5 
6.7 
39.3 
41.1 
89.3 
154.7 
. 156 

-156 



0.251 
0.305 

10.3 

14.2 

40.8 

74 

132.2 
147.2 
179.2 
21.7 
. 22.6 
34.6 
35.4 
43.7 ■ 
45.4 
5.3 
24.9 
25.9 
45.7 
72.7 
75.5 
92.7 
936 
98.7 
133.6 



0.0085 

0.01 1 I 

0.0113 

0.0114 

0.0128 

0.0122 

0.0125 

0.0127 

0.0129 

0.0222 

0.0131 

0.0134 

0.0135 

0.0266 

0.0143 

0.0167 

0.0148 

0.0152 

0.0234 

0.0154 

0.0165 

0.0159 

0.0119 

0.0161 

0.0169 

0.0175 

0.0277 

0.0185 

0.0388 

0.0189 

0.0193 

0.0204 

0.0285 

0.0455 

0.0207 

0.0211 

0.1122 

0.0215 

0.0222 

0.0227 

0.0231 

0.0235 

0 0441 



0.0243 

0.0245 

0.0446 

0.0248 

0.0251 

0.0336 

0.0466 

0.0256 

0.0263 

0.0321 

0.0362 

0.0177 

0.0369 

0.0372 

0.0173 

0.0378 

0.0381 

0.0289 

0.0389 

0.0403 

0.0433 

0.0425 

0.0457 

0.0475 

0.0481 



RPS20 

TCEB1 

LAPTM4B 

RPL30 

KCIP-I 

PABPCI 

EEFID 

TSTA3 

RPL8 

TRAI 

RPL35 

HSPA5 

LCN2 

DPP7 

PFKP 

AKRICI 

PLAU 

DSP 

TALDOI 

SLC22AIL 

TSSC3 

RPL27A 

ST5 

LDHA 

MDK 

DOC-IR 

MMPI2 

HYOUI 

SCNNIA 

LDHB 

KRT7 

KRT5 

KRT6E 

ERBB3 

NACA 

TM4SF3 

NTS 

ASCLI 

TXNRDI 

CKAP4 

COX6AI 

BGN 

RAN 

R PL36A 



8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
10 
10 
10 
10 
II 
II 

II 

II 

II 

II 

II 

II 

II 

II 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

-44 — 



PGD 

THBS2 

TRAF4 

SPINTI 

RPLI7 

PKM2 

IDH2 

RPL23A 

MSLN 

UBE2I 

RPS2 

CLDN9 

ARL61P 

EIF3S8 

TUFM 

ALDOA 

NME4 

GPR56 

CDH1 

NQOI 

SLC7A5 

APRT 

GALNS 

RPLI3 

MCP 



14 

15 

15 

15 

15 

15 

15 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

17 



56.7 
74.6 
98.5 
98.7 
101.6 
101.78 
144.4 
144.5 
145.6 
117.1 
121. 1 
121.5 
124.4 
133.4 
3.2 
5.1 
75.6 
76.7 
0.434 
2.9 
2.9 
8.7 
8.8 
18.5 
46.4 
67.5 
102.8 
118.9 
6.3 
21.7 
52.3 
52.6 
52.6 
56.2 
56.8 
71.2 
86.2 
103.3 
104.6 
106.6 
120.7 
122.5 
129.88 
-4*H 



50.7 

37.5 

38.3 

38.7 

45.26 

70.1 

88.2 
0.377 
0.753 
1.3 
1.95 
3.1 

18.7 

28.3 
28.9 
30.1 
53.6 
57.4 
68.5 
69.5 
87.6 
88.6 
88.6 
89.3 
32.4 



0.0482 

0.0486 

0.0497 

0.0054 

0.0093 

0.0119 

0.0121 

0.0122 

0.0128 

0.0136 

0.0133 

0.0135 

0.0137 

0.0139 

0.0223 

0.0146 

0.0356 

0.0289 

0.0143 

0.0151 

0.0611 

0.0156 

0.0162 

0.0168 

0.0162 

0.0167 

0.0177 

0.0183 

0,0185 

0.0193 

0.0196 

0.0197 

0.0201 

0.0212 

0.0218 

0.0401 

0.0215 

0.0219 

0.0223 

0.0124 

0.0435 

0.0235 

0.0238 

0.02 4 3 



0.0248 

0.0251 

0.0253 

0.0254 

0.0411 

0.0258 

0.0211 

0.0264 

0.0366 

0.0271 

0.0281 

0.0329 

0.0412 

0.0336 

0.0377 

0.038 

0.0381 

0.0386 

0.0289 

0.0396 

0.0397 

0.0411 

0.0255 

0.0431 

0.0465 
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Table I (cuniutued) 



(jvnv symhol Chro. Distance from /? arm of each 

chromosome (Mb) 



HRBB2 
JUP 

c:rf 

RPL27 

NMEI 

COLIA'I 

ABCC3 

NMK2 

R PI .38 

SMT-3H2 

SYNGR2 

LOALS3BP 

P4HB 

PPAP2C 

GPI 

HPN 

;;.NFi46 

SPINT2 

PSMD8 

YIFIP 

R PS 1 6 

CKACAM5 

CEACAM6 

GIPR 

SNRPD2 

KDKLRI 

RPL2H 

RPS5 

TRIM2X 

DAP 

TOPI 

UBE2C 

RPS2I 

EF.FI.A2 

TFF3 

TI T I 

CSTB 

MIF 

XBPI 

PRDX4 

SYNI 

TIMPI 

PLP2 

MACiFOI 



RPS4X 
SSR4 



17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

20 

20 

20 

20 

20 

21 

21 

21 

22 

22 

X 

X 

X 

X 

_x 



35.11 

39.8 

40.39 

41.1 

46.59 

48.6 

49.1 

49.6 

72.7 

73.6 

76.6 

77.4 

K0.3 
0.221 

39.55 

40.2 

41.4 

43.4 

43.5 

43.5 

44.6 

46.9 

46.9 

50.8 

50.9 

53.6 

60.6 

63.6 

63.7 

35.6 
40.3 
45.1 
61.6 
62.8 
42.6 
42.7 
44.1 
22.6 
27.5 
22.9 
46.3 
46.3 
47.8 

50 3 



X 
X 



0.0483 

0.0495 

0.0505 

0.0046 

0.0082 

0.0108 

0.0326 

0.01 1 1 

0.01 17 

0.01 19 

0.0122 

0.0127 

0.0126 

0.0228 

0.0145 

0.0129 

0.0131 

0.0238 

0.0132 

0.0135 

0.0144 

0:0145 

0.0143 

0.0259 

0.0413 

0.0152 

0.0156 

0.0267 

0.0158 

0.0166 

0.0172 

0.0174 

0.0268 

0.0185 

0.0186 

0.0192 

0.0201 

0.0202 

0.0204 

0.0198 

0.0204 

0.0209 

0.0212 

0.0331 — 



71 

152.6 



0.0124 
0.0232 



corresponding increases in both DNA copy number and 
mRNA provides further evidence that these could be 
oncogenes, the activation of which is reflected by 
genomic amplification and consequent increases in 
transcript level in lung adenocarcinoma cell lines. 

Specific inhibition of EEFIA2 and KCIP-1 expression hy 
siRNAs led to decreased cell proliferation and induction of 
apoptosis 

To further prove the oncogenic function of the identified 
genes in lung tumorigenesis, we used siRNAs to inhibit 
the endogenous expression of EEF1A2 and KCIP-1 
protein in four lung cancer cell lines (HI 563, H229, 
H522, and SK-LU). Transfection of the cancer cells with 
specific siRNAs reduced the level of EEFIA2 and 
KCIP-1 protein by 70 90% 48 h after transfection 



(Supplementary Figure 4S). In contrast, EEFIA2 and 
KCIP-1 protein levels remained unchanged in mock- 
treated control cells and in cells transfected with a 
scrambled siRNA sequence. At 48 h after siRNA 
transfection, the percentage of proliferation of the 
transfected cancer cells was reduced to 15-30% as 
compared with 91-100% of cell proliferation of the 
same cell lines treated with PBS or scrambled siRNA 
(Supplementary Figure 5S). Apoptosis of siRNA- 
transfected cells was 27-34%, whereas only 4% of the 
same cell lines treated with PBS or scrambled siRNA 
showed apoptosis. These results strongly support an 
oncogenic role for the identified genes in lung cancer and 
confirm their potential usefulness as therapeutic targets 
for the disease. 



Amplification and protein expression of KCIP-1 and 
EEFIA2 in lung tissue 

To further validate these findings and to assess the 
possible clinical significance of the four potential 
putative oncogenes identified from the cell lines, we first 
applied fluorescence in situ hybridization and immuno- 
histochemical analysis, in parallel, to commercially 
available human lung tissue microarrays (Ambion, 
Austin, TX, USA) to evaluate the status of two of these 
four genes in lung cancer tissue specimens. (Commer- 
cially available antibodies to PRDX1 or CALR were 
not suitable for use in immunohistochemical analysis 
when this report was written.) Overexpression of KCIP- 
I and EEF1A2 protein in the tumors was concordant 
with amplification of the corresponding genes 
(P = 0.0003 for KCIP-1 and /> = 0.001J for EEF1A2). 
For example, 16 (35%) of the 46 lung adenocarcinomas 
in the microarray showed amplification of KCIP-L and 
strong cytoplasmic staining for KCIP-1 protein was seen 
in 18 tumors (39%) (Figure 2). We next examined 
whether overexpression of these genes was associated 
with increased cell proliferation by analysing Ki-67 
expre ss ion in contiguous sections of the tissue micro - 
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arrays. Positive Ki-67 expression was found to correlate 
with positive expression of both KCIP-1 (/> = 0.02) and 
EEFIA2 (P = 0.0l). To extend these findings, we then 
studied 1 1 tissue microarray blocks comprising normal 
and tumor tissue specimens from 113 patients with 
pathologic stage I rion-small-cell lung cancer who had 
undergone curative surgery (Wang et at., 2005). 
Immunohistochemical analysis showed that EEFIA2 
was expressed in 32 cases (28%) and KCIP-1 in 29 cases 
(26%). Univariate and multivariate Cox proportional 
hazards models were used to detect possible associations 
between EEF1A2 and KCIP-1 expression and clinico- 
pathologic variables. Expression of EEFI A2 or KCIP-1 
was associated with short overall survival time 
(P = 0.00 1 2 for EEF1A2 and P = 0.0026 for KCIP-1) 
(Supplementary Figure 6S). Age at diagnosis, histologic 
type of cancer, degree of tumor differentiation, and 
smoking history were not associated with survival time. 

Although only two genes were validated in the lung 
tissue microarrays (because available antibodies to 
the other two genes were not suitable for use in 
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I able 2 Profcins showing significant ovcrcxpression in cancer cell lines relative to those in normal bronchia! epithelial cell lines and their 
_ correlation coefficients with increased DNA copy number or mRNA values* 
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liukaryoLic translation elongation factor I alpha 2 
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Keratin 18 

Keratin 8 

Haptoglobin 
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SI 00 calcium-binding protein A2 
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Microiubulc-associated protein 4 
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Hemopoietic cell kinase 
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Cell division cycle 25B 

Cell division cycle 42 (GTP-binding protein, 25kDa) 
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Tubulin, beta polypeptide 
Cyclin Kl 

Colony stimulating factor 2 (granulocyte-macrophage) 
Proteasome (prosome, macropain) subunit, beta type, 6 
Aldehyde dehydrogenase I family, member A I 

Glutathione S-transferase M4 

Eukarvotic translation initiation factor 5A 



0.92364 
0.90218 
0.84128 
0.84467 
0.91884 
0.00236 
0.84218 
0.06412 
0.00446 
-0.04884 
0.00364 
0.50402 
-0.34128 
- 0.01446 
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-0.64636 
-0.69782 
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-0.03566 
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0.232149 
-1.28108 
-1.30544 
0.03356 

0.134501 
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Only the guie showing statistically s.gmficani increased protein expression with increases in both genomic copy number and transcript 
simultaneously w.ll be considered as potential putative oncogene in lung adenocarcinoma cells. V. Spearman correlation coefficients between 
proteins and genomic or mRNA values are based on all six cancer cell lines; bold indicates P<0.05, if r> 0.84000. Mw, molecular weight* p/ 
isoelectric point. ° ' * 



immunohistochemical analysis), these findings are con- 
sistent with those from our cell lines, demonstrating 
again that genomic amplification and consequent 
increases in amounts of transcript may be, at least in 
part, driving the abundance of proteins in these lung 
tumors. The association between expression of these 
genes and that of Ki-67, a known indicator of poor 
prognosis in lung cancer (Martin et al„ 2004), suggests 
that activation of these genes may be an indicator of 
tumor aggressiveness. These results .also suggest that 
expression of EEFI A2 and KC1P-1 proteins in stage I 
non-small-cell lung cancer may be useful as a marker for 
distinguishing patients with relatively poor prognosis 
from those who might benefit from adjuvant treatment. 



Discussion 

Our current study illustrates the power of integrated 
functional genomic analyses for identifying putative 
oncogenes and for evaluating their potential clinical 
significance. Among the four identified oncogenes, three 
genes (PRDXI \ CALR, and KCIP-I) have been im- 
plicated in lung tumorigenesis. PRDXI is an antioxidant 
protein involved in regulating cell proliferation, differ- 
entiation, and apoptosis. Kim et al. (2003) found 
PRDXI expression to be elevated in both lung cancer 
and adjacent normal lung tissue, suggesting that 
activation of PRDXI may enhance proliferation in lung 
cancer. CALR has a major role in Ca 2+ binding and the 
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Figure I Confirmation by Southern. Northern, and Western blot 
analyses of increased DNA copies, transcript levels, and protein 
levels in the four genes identified in high-throughput analyses. For 
comparison, we arbitrarily chose one gene, NFKBf, in which an 
increased protein level did not correlate with genetic changes. The 
Moiling results arc consislcni with the results from the CGH array, 
iranscripl array, and protcomic analyses. Nor, indicates normai 
bronchial epithelial cell line. All the experiments were repeated at 
least three limes with each cell line. Means of normalized lo 0-actin 
signal intensities on Southern. Northern, and Western blots, along 
with 95% confidence intervals, were calculated <0-actin signals are 
not shown in the figure; two different normal bronchial epithelial 
cell lines were used in the confirmation and only one normal cell 
line is shown in the figure). 



transcriptional regulation of other genes and was 
^recently found to be overexpressed in 73% of 40 lung 
adenocarcinomas (Oates and Edwards, 2000). KCIP-I 
belongs to the 1 4-3-3 family, which participates via the 
M APK and Wnt signaling pathways in the regulation of 
many cellular processes including cell proliferation and 
differentiation as well as tumorigenesis (Thomas et at., 
2005). KCIP-I was recently found to be expressed in all 
1 2 lung tumors tested in a single-institution study (Qi 
et <//., 2005). interestingly, EEFIA2 was originally 
considered a putative oncogene in ovarian cancer on 
the basis of its being amplified in 25% and over- 
expressed in 30% of the same set of ovarian tumors 
(Anand et a/., 2002); functional analyses have estab- 
lished its oncogenic role in cellular transformation (Lee, 
2003). Our discovery that EEFIA2 may be a putative 
oncogene in lung adenocarcinoma demonstrates the 
power of our functional genomic strategy for rapidly 
identifying potential oncogenes. 

Although the main focus of this study was to 
specifically identify putative oncogenes, it should be 



noted that 90.7% of the genes showing high protein 
expression did not show corresponding increases 
in both DNA copy number and transcript, a finding 
consistent with that of others that transcriptional, 
translational, and post-translational regulatory mecha- 
nisms can greatly influence the abundance of protein 
in lung tumorigenesis (Chen et al. % 2002). For example, 
NFKBl is a critical arbiter of immune responses, 
cell survival, and transformation and is often activated 
in several types of tumors (Chen et at., 2002). De- 
regulation of NFKBI is thought to be modulated 
through phosphorylation of Ser337 by protein kinase 
A (Chen et a/., 2002). Tn our study, 68.8% of the 
genes showing over-representation in the genome 
did not show elevated transcript levels, implying 
that at least some of these genes are 'passenger' genes 
that are concurrently amplified because of their 
location with respect to arnplicons but lack bio- 
logical relevance in terms of the development of lung 
adenocarcinoma. 

Although the potential oncogenes we identified here 
are likely to be important, certainly other oncogenes 
could be involved in the development of lung adeno- 
carcinoma. The oltgo microarray we used consists of 
22000 probes, which represent only about 60% of the 
human genome. Moreover, each probe was designed for 
the 3' region of expressed sequence tags of the selected 
genes. Also, our results were initially derived from 
cancer cell lines, although the findings were later 
confirmed in human tissue samples. Our ongoing study 
using microarrays with information on more genes 
and the development of high-resolution proteomic 
analyses for use with larger numbers of specimens will 
allow more comprehensive analyses of the molecular 
consequences of gene amplifications. Such expanded 
analyses will very likely lead to the identification of 
additional oncogenes. 

Some of the results of our current study were 
comparable to those of other studies of lung cancer. 
For example , genomir co p y number a n d protein lev els 
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of KCIP-I were previously found to be amplified and 
overexpressed in primary lung cancers by cDNA clone- 
based CGH array analysis (Jiang et a/., 2004) and 
proteomic analysis (Chen et a/., 2002), respectively. Our 
functional genomic approach, which integrates simulta- 
neous CGH, transcript microarrys, proteomic analyses, 
and siRNA, allows us not only to quickly identify 
potential oncogenes but also to explore their significance 
as diagnostic and therapeutic targets in tumor progres- 
sion - more than could be achieved by any technique 
alone. 

Genes identified in this way may serve as promising 
targets for diagnosis and therapy in lung adenocarci- 
noma. Further research on the clinical implications of 
such genes is needed; experiments now underway in our 
laboratory include overexpression of the genes in 
normal cells, disruption of the function of these genes 
in cancer cells, and investigation of how interactions 
among these genes (or interactions with other known 
oncogenes) may mediate the expression of the trans- 
formed phenotype. 
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amplification is associated with high EEFIA2 protein expression in lung adenocarcinomas, (a) Cells from a lun* 
adenocarcinoma l sample m wh,ch EEFIA2 is amplified show more green signals (EEFIA2) than red signifc 
centmmenc probe I (ongma magnification, x 400). (b) .mrhunohistochemical staining of cells from the same Ta^J^m^TD^ 
a shows strong EEF A2 staining in the cytoplasm, (e) A lung adenocarcinoma sample with two copies S 
^ romcne probe, indicating no EEFIA2 amplification (original magnification, x 400). Jnu^ 

Ironi the .same tissue sample as in panel c shows negative staining for EEFIA2. sunning oi ceus 



Materials and methods 

Cell lines 

Six human lung adenocarcinoma cell lines (H23, H229, HI 792, 
SK-LLJ-I. H522, and HI 563) were obtained from the 
American Type Culture Collection (Manassas, VA, USA). 
Two norma l bronch i a l ep i thelia l ce l l lines were o b tained fi u m 



Supplementary Information. An increase in mRNA level was 
defined as a twofold increase in signal ratio relative to that of 
the control (log 2 > I). 



Quantitative two-dimensional PAGE and mass spectrometry 
Analysis of proteins by two-dimensional PAGE and their 
identification by mass spectrometry were performed as 



Clonicch (Palo Alto, CA, USA). Genomic DNA, mRNA, and 
protein were derived from a single harvest of these cells. 

DNA and RNA profiles by microarray analysis 
Genomic DNA labeling and hybridization* were performed as 
described previously (Barrett et aL 2004) with Agilent's 
Human I A Oligo Microarray (V2) (Agilent Technologies, 
Palo Alto, CA, USA), which, contains 22000 unique 60-mer 
oligos. Details of the protocol for analysing transcripts are 
available at http://www.chem.agileni.com. Map positions for 
arrayed genes were assigned by identifying the DNA sequence 
represented in the UniGene cluster and matching it with the 
Golden Path genome assembly (http://genome.ucsc.edu/; Mat 
7, 2004 Freeze). Microarray images of DNA copy number and 
expression were analysed by using AgilcntCGH Analytics and 
Feature Extraction software. DNA copy number profiles that 
deviated significantly from background signal ratios (measured 
from normal control cell hybridization, as described elsewhere; 
Barrett et a/.. 2004) were interpreted as evidence of true 
differences in DNA copy number. The criteria for denning 
genomic over-representation and amplicons are described 
elsewhere (Hvnian *■/ a/.. 2002): details are riven in the . 



previously described (Shen et at., 2004). Briefly, protein pellets 
were solubilized in rehydration bufTer, after which the first- 
dimension isoelectric focusing was carried out with a Protean 
IEF Cell (Bio-Rad Laboratories) and the second-dimension 
separation was carried out with Bio-Rad's Ready Gel Precast 
Gels and the Bio-Rad Criterion Cell apparatus. Protein spots 
were visualized by silver-based staining, and all gels were 
assessed with Bio-Rad's PDQuest 2D gel image analysis 
software. Selected spots were subjected to in-gel tryptic 
digestion and analysed on a Voyager-DE PRO matrix-assisted 
laser desorptipn ionization/time-of-flighl mass spectrometer 
(Applied Biosystems, Foster City, CA, USA). The mass list of 
the 20 most intense monoisotopic peaks for each sample was 
entered in the MS-Fit search program (v3.2.l) (http:// 
prospector.ucsf.edu/ucsfhtml4.0/msfit.htm) and searched in 
the National Center for Biotechnology Information protein 
database. 

Southern, Northern, and Western blot analyses 
Southern, Northern, and Western blot hybridizations were 
performed according to standard protocols. cDNA clones for 
the tested genes were purchased from Invitrogen (Carlsbad, 
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CA. USA) and prepared us probes for the blot hybridizations. 
Antibodies used were obtained as follows: PRDXI, CALR, 
NFKBL KCIP-I. and /7-actin from Santa Cruz Biotechnology 
(Santa Cruz, CA. USA); and EEFIA2 from Upstate Biotech- 
nology (Wultham. MA. USA). 

Fluorescence in situ hybridization and.imnwnohistochemical 
analyses of lung tissue microarrays 

Fluorescence in situ hybridizations and immunohistochemical 
analyses of KCIP-I and EEFI A2 were carried out as described 
elsewhere (Jiang ct aL 2002; Wang et aL 2005) with Lung 
Tissue Microarrays (Amnion, Austin, TX, USA) and II 
homemade microarray blocks containing tissue samples from 
1 13 patients with pathologic stage I non-small-ccll lung cancer 
(Wang et aL 2005). DNA probes specific for KCIP-I and 
EEFIA2 were obtained by screening a Human BAC Clone 
library (Invitrogcn) by polymerase chain reaction as described 
previously (Jiang el at.. 2002). The antibodies used for the 
immunohislochcmical analyses were the same as those used 
for the Western blotting. Cell proliferation of the lung tissues 
was assessed with a Ki-67 monoclonal antibody from Santa 
Cruz Biotechnology. Definitions of the cutoff value for a 
positive result of each antibody are shown in Supplementary 
Information. 

siRNA transfection, cellular proliferation assay, and apoptosis 
analysis 

Translations were carried out by using siPORT Lipid 
Transfcction Agent (Ambion) with siRNAs targeting KCIP-I 
or EEF1A2 or with a scrambled siRNA duplex (siControl) 
(Dharmacon Inc.. Lafayette, CO, USA), with PBS used as a 
negative control (Jiang et aL, 2002). Cells were fixed 24, 48, or 
96 h later and subjected to further tests. All siRNAs were 
prepared by using a transcription-based method with Silencer 
siRNA according to the manufacturers instructions (Am- 
bion). Sequences of the individual siRNAs are listed in 
Supplementary Table 4S. Inhibition of cell growth by the 
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